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D 6.2 — Conclusions of the characterisation confere nce

An international Workshop on “characterization and quantification of MEA degradation processes”
was organised on September 26-27, 2012 in Grenoble at CEA — Minatec. The purpose of this
workshop was to show the contribution of different characterisation methods for better
understanding and quantification of the degradation mechanisms of PEMFC components. The
workshop booklet is presented in the next pages.

Around 50 people attended the workshop, people coming either from industrial or academic
institutions (see the participant list at the end of the booklet). Five speakers, internationally
recognized, have been invited to present their work:

o0 Atsushi Ohma from Nissan Research Center in Japan,

o Karren More from Oak Ridge National Laboratory in USA,

0 Hans Bettermann from University of Disseldorf in Germany,

0 Laetitia Dubau from LEPMI-University of Grenoble in France

0 Arnaud Morin from LITEN CEA-Grenoble in France.
Nineteen other presentations were given by the other participants of the workshop.

Presentations were related to physical, chemical and electrochemical methods leading to direct or
non-direct information on the degradation of MEA structure and properties.

Many presentations focused on the degradation mechanisms of both the active layers and the
membrane. They gave a good overview of the state of the art of research on these two subjects.
Many other presentations showed different techniques and strategies developed in order to
localise, across the MEA surface area (in plane or through plane) or between the different MEA in
a stack, the zone where the MEA degradation is the most severe.

All these presentations gave rise to fruitful discussions and probably will emerge on new
collaborations between the participants.

The workshop ended with the visit of the Nano-characterization Platform at Minatec in CEA-
Grenoble during which discussions continued. Our invited speaker, Karren More who is group
leader of the Microscopy Group in the Oak Ridge National Laboratory in USA, was particularly
interested in this visit.
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“Characterization and quantification
of MEA degradation processes”
September 26-27, 2012 in Grenoble, France

Invited Speakers:
e Atsushi Ohma (Nissan Research Center, Japan):
“Study on Microstructure of Catalyst Layer and its | mpact on Performance and Degradation
e Karren More (Oak Ridge National Laboratory, USA):
“Application of Advanced Microscopy Methods to Unde rstand MEA Materials Degradation”
¢ Hans Bettermann (University of Diisseldorf, Germany):

“On-Line Gas Detections from PEM Fuel Cell Flow Fields by Raman Measurements and Electric
Arc Emission Spectroscopy”

e Laetitia Dubau (LEPMI, Grenoble University, France):
“Durability of “Pt 3Co/C Cathode Electrocatalyst during Long-term Real PEM  FC Operation”

¢ Arnaud Morin (LITEN, CEA-Grenoble, France):

“What about the link between chemical degradation o f membrane and PEMFC durability? The
example of S-PEEK Membrane”

Visit of the Nano-characterization Platform at Minatec:

oy §

Electron Microscopy X-Ray Analysis Magnetic Resonance lon Beam Analysis Surface Analysis Mear field

POLITECNICO
Ol MILANO

- JBC @& SOPRANO

Fuel Cell Technology EUROPEAN COMMISSION
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“Characterization and quantif ication of MEA
degradation processes”

September 26-27, 2012 in Grenoble, France

PROGRAMME (1% day)
September 26, 2012

9:00 Atsushi Ohma Study on Microstructure of Catalyst Layer and its | mpact on
’ Nissan Research Center, Japan Performance and Degradation
9:40 Nicolas Caqué Multidisciplinary approach of MEA degradations in
: Axane, Sassenage, France commercial PEMFC systems
. Madeleine Odgaard . )
10:05 IRD Fuel Cells, Denmark Degradation Studies of PEMFC
10:30 Coffee break
10:50 Karren More Application of Advanced Microscopy Methods to
’ Oak Ridge National Laboratory, USA Understand MEA Materials Degradation
11:30 Mathias Schulze X-ray Photoelectron  Spectroscopic Investigations  of
’ German Aerospace Center, Stuttgart, Germany Degradation Processes in low temperature Fuel Cells
Denis Bona i
11:55 Electro Power Systems Spa, Torino, Italy Methods to Detect and Mitigate Catalyst Support Car  bon

Corrosion in PEMFC

12:20 Lunch

On-Line Gas Detections from PEM Fuel Cell Flow Fiel ds by
Hans Bettermann

13:45 University of Disseldorf, Germany Raman Measurements and Electric Arc Emission

Spectroscopy
14:25 Erich Gulzow Current Density Measurements for  in situ Studies of Aging
’ German Aerospace Center, Stuttgart, Germany Processes of PEMFC
14:50 Sonke Gossling Long-term Test of PEMFC with a Dry Cathode Supply a nd
’ ZBT GmbH, Germany Daily EIS Analyses

Samuele Galbiati Experimental Study of the Degradation of

15:15 ) ) - Polybenzimidazole-based Membrane Electrode Assembli es
Politecnico di Milano, Italy Doped with Phosphoric Acid

15:40 Coffee break + Poster session
i Jacob Lindner Bonde . .

16:30 IRD Fuel Cells, Denmark Degradations Studies of DMFC

16:55 Fausto Bresciani Experimental Methodology to Perform and Analyze DMF C
’ Politecnico di Milano, Italy Degradation Tests

17:20 Sebastien Rosini Individual Cell Degradation during Fuel Cell Stack ~ Operation
: LITEN, CEA-Grenoble, France

17:45 Sylvie Escribano Ex-situ electrochemical analyses of PEMFC electrodes after

LITEN, CEA-Grenoble, France in-situ ageing tests
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PROGRAMME (2" day)

September 27, 2012

9:00 Laetitia Dubau Durability of Pt ;Co/C Cathode Electrocatalyst during

: LEPMI, Grenoble University, France Long-term Real PEMFC Operation
9:40 Pawel Gazdzicki FTIR and Raman Spectroscopic Investigations of

’ German Aerospace Center, Stuttgart, Germany | Degradation Processes in PEMFC
10:05 Laure Guétaz Influence of the Local Conditions on the Catalyst

’ LITEN, CEA-Grenoble, France Degradation Mechanisms during Fuel Cell Operation
10:30 Coffee break

Arnaud Morin What about the link between chemical degradation of
11:00 membrane and PEMFC durability?
LTER, Sy, Fiies The example of s-PEEK membrane

11:40 Eddy Moukheiber Investigation of lonomer Structure through its

: LEPMI, Savoie University, France Dependence on lon Exchange Capacity (IEC)
12:05 Gilles De Moor Detection of MEA's Flaws in PEMFC: in situ

’ LEPMI, Savoie University, France Relaxometry Combined with  ex situ Infrared Imagery
12:30 Lunch
14:00 Laurent Gonon Chemical Stabilization of Polymer Electrolytes used in

’ INAC, CEA-Grenoble, France PEMFC
14:25 Lorenz Gubler Insights into the Degradation Mechanism of Radiatio n

’ Paul Scherrer Institut, Switzeland Grafted Fuel Cell Membranes
14:50 Zhuoxiang Zhang In Situ Characterization of Styrene-based Radiation

: Paul Scherrer Institut, Switzeland Grafted Membranes with Nitrile Groups in Fuel Cell
15:15 Eddy Moukheiber The Essential Work of Fracture (EWF) of PFSA

’ LEPMI, Savoie University, France membranes: a way to understand MEA degradation
15:40 Coffee break
16:00 Visit of the Nano-Characterization platform at Mina  tec
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Study on Microstructure of Catalyst Layer and its Impact on Performance and
Degradation

Atsushi OHMA
Nissan Research Center, Nissan Motor Co., Ltd.
1, Natsushima-cho, Yokosuka-shi, Kanagawa 237-852BAN

The biggest issue that must be addressed in proghatidespread use of fuel cell electric
vehicles (FCEVSs) is to reduce the cost of the aa&dll system. Especially, it is of vital importanioe
reduce platinum (Pt) loading of catalyst layers ¢Lin the membrane electrode assembly (MEA) of
a proton exchange membrane fuel cell (PEMFC). breoto lower the Pt loading of the MEA
without sacrificing its performance and durabiliéggparent kinetics of CL and mass transport in CL
are to be enhanced as well as durability againdtsBolution and carbon corrosion etc. However, it
is a big challenge to characterize and quantifyrosicucture of CL.

In this presentation, examples of study on the ositucture of typical CLs at Nissan are

introduced. Also the relationship of the microstue to the performance and durability of the CLs
is discussed.
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Application of Advanced Microscopy Methods to Undestand MEA Materials
Degradation

K.L. More, D.A. Cullen, M. Chi, and K.S. Reeves
Oak Ridge National Laboratory, Oak Ridge, TN, USA

Polymer electrolyte membrane (PEM) fuel cell perfance degradation can be directly attributed
to the stability and durability of individual mai@rconstituents comprising the membrane electrode
assemblies (MEASs), including the electrocatalysafalyst support, recast ionomer, polymer
membrane, and gas diffusion-microporous layers ((BMPL), particularly associated with the
cathode catalyst layer. The structural and chdngitanges of these MEA constituents are being
guantified via advanced electron microscopy methtmlsmore fully understand the specific
degradation mechanisms contributing to performateges, with the ultimate goal being
microstructural and compositional improvements mbiance durability. Research efforts at Oak
Ridge National Laboratory have been focused on high-resolution characterization of as-
fabricated (fresh) fuel cell materials (individuainstituents and/or materials incorporated in fresh
MEASs), and these fuel cells subjected to acceldrateess tests (ASTs) designed to degrade
specific MEA components, and field-aged MEAs. FEhesudies are used to establish critical
processing-microstructure-performance correlati@mgl to elucidate the individual materials
changes contributing to measured MEA degradati@nfopnance loss, and failure. Analytical
microscopy methods have been used to elucidatedéggadation of various carbon support
structures, quantifying Pt loss due to migratiomtalyst coalescence, and ionomer films.
Understanding and quantifying the structural andnpaositional changes of the materials
comprising the MEA during electrochemical-aginglwilow for the implementation of processing
changes and critical materials development thateaqeired for optimizing PEM fuel cell durability
and performance.

Research sponsored by (1) the Fuel Cell Technaddgiegram, Office of Energy Efficiency and Renewalbhergy,
U.S. Department of Energy and (2) Oak Ridge Natidraboratory’s Shared Research Equipment (ShaREr Us
Facility, which is sponsored by the Office of BaRitergy Sciences, U.S. Department of Energy.
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On-Line Gas Detections from PEM Fuel Cell Flow Figls by Raman
Measurements and Electric Arc Emission Spectroscopy

Hans Bettermann
Institute of Physical Chemistry, Heinrich-Heine-Meaiisity of Disseldorf, Germany

Mechanical degradations of membranes as cracksbolps result mainly from local wetting and
de-wetting cycles as well as from changes of lbelperatures.

This contribution shows how early stages of sudeale can be monitored on-line by optical
spectroscopy. For this a new electric arc emisspattrometer was developed.

This method bases on the electronic excitation olleoules by electron impact within an electric
arc. The excited molecules undergo an irradianttdesdion that leads to a light emission which is
specific for each molecular species. The deviceqgaan a by-pass at the end of the anode flow
field enables the record of gases over a largeerah@oncentrations starting from measuring pure
gases to concentrations in the ppm range on asetlind time scale.

The gas detector was used to record the intrinag @oss over and permeabilities of MEA
materials on the anode side. Such perforationsitieigen pass over from the cathode to the anode.
Gas cross over was studied under selected corslitibfuel cell operations as for instance changes
in the humidification of the anode and the cathati@ichiometric factors, and electric loads. Long-
term measurements on small stacks were appliedioton early stages of membrane degradations.
Since the detector can unambiguously detect nitr@gel hydrogen simultaneously it is considered
to control recirculation modes of fuel cell opeoas.

In addition, locally and temporally occurring gastdbutions within flow field channels were
investigated by a multiple-fiber Raman spectromeléis device permits the simultaneous record
of gas compositions, liquid water and water vagaeaeral ports along a meander and shows how
those species do change locally and which mutuakrdependencies among them occur during
operations.

Concluding, the coupling of these two approachesnseto be promising to achieve a concise
image of gas compositions inside flow fields anféisf a component for a comprehensive analysis
of fuel cell operations.
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Durability of Pt 3Co/C cathode electrocatalyst during
long-term real PEMFC operation

L. Dubad, J. Durst, F. Maillard, M. Chatenét L. GuétaZ, J. André, N. Caqué, E. Rossirot
1. Laboratoire d’Electrochimie et de Physico-chimés Matériaux et des Interfaces, UMR 5279, CNB®enoble
INP — U. de Savoie - Université Joseph Fourier Olrl@ de la piscine, BP75, 38402 Saint Martin dddgFrance
2. CEA, LITEN, Département de I'Electricité et deyidrogene pour les Transports, Laboratoire des @isants PEM,
17, Rue des Martyrs, 38054 Grenoble, France
3. Axane, 2 rue de Clémenciére, BP 15, 38360 Sagsefrance
laetitia.dubau@lepmi.grenoble-inp.fr

During the last decade, proton-exchange membraeé dells (PEMFC) have witnessed technology
breakthroughs, which for the first time rendereeldtell powered applications a practical posspilit
Bimetallic PgM/C electrocatalysts (with M = Cr, Fe, Co, Ni, Care now classically used at the cathode
because of their enhanced oxygen reduction rea¢@RR) activity. However, an increased activity is
meaningless if it cannot be maintained over tintee $tability of a RCo/C-based cathode during long-term
real PEMFC aging test@ 3500 h) is the focus of this talk. Regarding tle¢ioal studies [1-3], Pt and M
atoms possess different affinity to oxygenated igge@tomic oxygen, water), which may destabilize t
structure of the alloyed surface over time. Indeedent density functional theory calculations sédwhat
the high oxophilicity of Co atoms drives their sagé segregation and further leaching. We confirthed
instability of P¢Co/C in real PEMFC conditions [4]. In particularewvidenced that the cathode potential
strongly influences the changes of the nanostraabfirPtCo electrocatalysts over time [5]. By combining
electrochemical and microscopic techniques, we ggepa dissolution mechanism of the Co atoms.
Interestingly, depending of the operating condiijore will show how the Kirkendall effect can induthe
formation of pure “hollow” Pt hanopatrticles (Figutg Furthermore, we will correlate the fine nanosture

of the particles and the ORR activity.

B — Experimental profile
A -100 at% Pt S 1 =1=Homogeneous Pt.Co (fit)
""'.;, ] 2= "Pt-skin"/Pt,Co core (fit)
5 3 "Pt-skin"/Co core (fit)
E 0.8 4="Pt-hollow™ particle (fit)
3
= 04
m
£
2 00l : ‘ : .

Position from the center of the particle /| nm

Figure 1. (A) Aberration-corrected atomic-resolatgranning transmission electron microscopy - laighle annular
dark field (HRSTEM-HAADF) image of “hollow” Pt naiparticles formed in real PEMFC conditions, (B) expental
and theoretical normalized HAADF intensity profilesross an individual particle.

1. References

[1] M. Mavrikakis, B. Hammer, J.K. Ngrskov, Phys. Reett., 81 (1998) 2819.

[2] Y. Ma, P.B. Balbuena, Surf. Sci., 603 (2009) 349.

[3] G.E. Ramirez-Caballero, Y. Ma, R. Callejas-TovaB.Malbuena, Phys. Chem. Chem. Phys., 12 (2010) 2209.
[4] L. Dubau, F. Maillard, M. Chatenet, L. GuetazAfdré, E. Rossinot, J. Electrochem. Soc., 157(2®1887.

[5] L. Dubau, F. Maillard, M. Chatenet, L. GuetazAhdré, E. Rossinot, Electrochim. Acta, 56 (2010$58.
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What about the link between chemical degradation omembrane and PEMFC
durability? The example of S-PEEK Membrane

Arnaud Morirf Pauline M. Legraritl Vincent H.?Marea*ﬂ Laurent Gonoh Hakima Mendil-
Jakan

%CEA DRT/Liten/DEHT/LCPEM -bINAC/SprAM UMR 5819 (CEA-CNRS-UJF)
CEA-Grenoble, 38054 Grenoble cedex 9, France

Polyaromatic membranes, like sulfonated poly(Efther Ketone) (SPEEK), used as polymer electrdtyte
fuel cells offer a better thermomechanical stapifitan perfluorosulfonic membranes like Nafion érehce
membrane) but a much lower chemical stability. Quail was to understand the impact of fuel cell afieg
condition on the chemical stability of this altetima membrane and on the device performance and
durability.

In a first step focused on the impact of operatingditions on the device performance, we obseriaeinw
increasing gas stoichiometries, a much importantedese of the performances for SPEEK than for Mafio
as illustrated in Figure 1. Electrochemical ImpemaBpectroscopy (EIS) was used to understand i or
of the performances drop observed for sPEHKis technique highlighted a very high spatiaehegeneity

of hydration and therefore of performance. This lbesn ascribed to the water transport in the poiyatic
membrane which shows a slower water diffusion ¢ciefit and a higher electroosmotic drag coefficient
Chemical degradation was not responsible for teedeop of performances observed after few hundoéds
hours of operation, as we demonstrated that pediocam could be recovered, at least in part, after
rehydration of the membranes. However a non-reviersigeing was noticed through the slight decreése
the molecular weight observed for SPEEK 3/1.5, treldrop of the initial output voltage, not recaakr
after rehydration of the membrane.

In order to test the impact of chemical and stmattmodifications resulting from oxidative ageind.Q.
can be produced during fuel cell operation) the@sdcstep of this study was focused on ex-situ @agessts.
These tests highlighted the correlation betweeraiedse of the SPEEK molecular weight observedguri
ageing and an improved swelling and conductivitytted modified membranes. In conclusion we have
shown that a pre-oxidation of the membrane, usiHg@ solution, improves sPEEK in-situ performances to
such an extent that it could reach those of Nafidns is also for us an evidence of the lack ofufce of
the bad quality of the interface between the menmbend the electrodes which do not stuck on edwdr ot
even after the chemical treatment.

0,90

- Mafion 1,5/1,5
—&— Mafion 3/1.5

i oo B B Bl T o Bl R . -1 sPEEK 15115
—~— SPE
070 D . s /e SPE i .
Lo o 2oa0000000a0an0a0s = Figure 1: Evolution of output voltage as a
080 S, ' “”‘L%ﬂoﬂoy function of operating time, for different gas
w\m&_:\ Py -0 stoichiometry configurations for both

P s -8 Nafion and sSPEEK membranes
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[
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A
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..References & 5 g
1. Reijalt, M., J. Clean. Prod., 18:|S112-S117,201
L—Borup, R Cilclll.w‘zh(cv., 107:3964-3951; 2033.

3 Legréfnd, PR1., Mdrin, 52:%3&%?% vH., Gonon, I'*Power’Sources, 206:161-170, 2012
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Multidisciplinary approach of MEA degradations in commercial PEMFC
systems

O. Lottin*, N. Carémg J. Dillet, A. Lamibra¢, G. Maranzana J. Durst, L. Dubad, F.
Maillard?, M. Chatenét L. Fland|n°’ C. Bas3 G. De Moot, A.EI- Kaddour? E. Moukhelbe?‘ A.
Montauf, S. Moutirf, P. Rivaf, N. Cagué, E. Rossint

: LEMTA - LEMTA - UMR 7563 CNRS - Université de Lorraine,, 2 avenue de la forét de Haye, F-54504
Vandoeuvre les Nancy France
: LEPMI UMR 5279 CNRS / Grenoble — INP / U. de Savoie / U. Joseph Fourier, 1130 rue de la piscine
38402 St Martin d'Heres France
: LEPMI, UMR CNRS 5279 LMOPS, Université de Savoie, Bat. IUT, Campus de Savoie Technolac 73376
Le Bourget du Lac France
: CRCD Air Liquide, les Loges en Josas, BP126, 78354 Jouy-en-Josas
°: Axane 2, Rue de Clémenciére BP-15 38360 Sassenage France

nicolas.caque@airliguide.com

MEA degradation appears as one of the most impoparblematic considering industrialization of
PEMFC. Indeed, it is responsible for (i) performesiclosses leading to an increase of dihydrogen
consumption, (ii) in most cases, the end of lifestaick, and finally (iii) important cost of maintace. As a
consequence, the understanding of MEA degradappeas as a priority for the PEMFC industry in orde
to develop new durable materials and mitigatioatstfies to overcome their degradation.

In that frame, we have built a partnership whiohhldes studying MEAs degradation within a global
approach, the rationale for that being that (i) MEAs components do degrade upon use and (ii) their
degradations are often related to one-another, hwiii} therefore renders any survey of one compbne
separately from the others insufficient. Furtherendhe degradation of most MEA components is highly
linked to the operative conditions used in finakteyns, and as a consequence some degradations
mechanisms are specific to each system. Theredareiltidisciplinary approach is mandatory.

In this work, detailed post-mortem analyses ofaléht commercial MEAs aged in test benches as
well as in commercial systems have been carriedMast ageing tests have been realised in the Agsane
specific commercial hardware in order to observe tlrresponding specific degradation mechanisms.
Multi-scale techniques like membrane leak detectimsing a thermal camera), physico-chemical
characterisation of catalyst layers as well as |lggerformances measurements were used and gave
complementary results. Among the striking inforroatis that degradations are not homogeneous aogprdi
to the gas path: membranes appear more damagetheeair channels outlet; in the contrary, the odit
active layer degrades more rapidly in the outlat & H, channels. Furthermore different degradation
mechanisms have been identified depending on sysfmrative conditions (cathode potential, stang/'sto
protocol and frequency). This work offers precidasa to select MEAs and MEAS components, optintise t
hardware geometry and adapt operative parametspetific applications.
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Degradation studies of PEMFC
Madeleine Odgaardnd Jacob Lindner Bonde
IRD Fuel Cells

Durability is one of the most important issuesdommercialization of PEM FC’s based stationary
and portable applications. Cost, reliability anddtionality are also important commercial factors.

IRD participates in a Danish fuel cell based pCHéjget that was initiated in 2006 and estimated
to continue until the end of 2012. IRD has cong&ddhree versions of a hydrogen fuelled pCHP
based on PEM FC (Fig. 1). Units have already badreid test for one year (2008-9) in ordinary

single family houses. 35 units are presently bemsjalled for the final field test. Fuel cells

integrated into systems is often subjected to wari@perating conditions that may differ

significantly from those found in a laboratory emviment and fuel cell degradation can here
become a serious problem. The understanding of féilare mechanisms and performance
degradation of the various MEA and stack componieritserefore upmost important.

The presentation will include the status and latestilts from the development and durability test
of MEAs, cells and systems.

2006/7:a-uCHP 2008/9:B-uCHP

2010/12:y-uCHP

All units:
Nominal power: 1.5 k\\c

Ready-mode Power:

Efficiency (LHV):
Electrical (H - Ppo): 49;V0 52;%; 47;%,
Electrical (H — Pac): 43 OAJ a7 f’ 44 0/0
Combined efficiency: 75% 94% 94%
105 Wic 40 Wiac 15 Wic

Fig. 1 The three IRD hydrogen fuelled uCHP uniteed for pure hydrogen operation.
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X-ray photoelectron spectroscopic investigations alegradation processes in low
temperature fuel cells

Mathias Schulze

German Aerospace Centre, Institute of technicahtbdynamics, Pfaffenwaldring 38-40, 70569
Stuttgart, Germany

The surface properties (chemical composition anacsire of the surface) are important for the i@l
behavior and transport processes (hydrophilic-hgllobic characteristic of the surface as well ofitiveer
surface). X-ray photoelectron spectroscopy (XPBWal to analyze the chemical composition of théasgr
region with an information depth of few nm, whicktermines the surface properties. Due to the dagosd
processes the fuel cell behavior and performancesdses caused by alteration of the fuel cell corapts.
Therefore, surface analytic tools, which give infiation about the chemical surface composition, aare
helpful tool to identify and investigate the degradn processes. From XPS measurements not only the
element concentrations but also the different ligditates can be derived.

With XPS the alteration of the catalyst compositmmthe oxidation of the catalyst can be invesédat
electrochemical stressing during fuel cell operatian be determined. The alteration of the catalgstds to
a change of the catalytic properties.

T
new electrode used electrode [*4

C1 sCa\r‘oon
Ru3d,,

C1 sCar‘oon
Ru3d,,

intensity
Intensity

T T T T T T T T T T
300 295 290 285 280 275 270 300 295 290 285 280 275 270

binding energy / eV binding energy / eV
Fig. 1: XP spectra of a new and a used DMFC armdaefore ion etching, b) after ion etching

The second example for XPS investigation for deafiad processes in low temperature fuel cells is
investigation of the decomposition of the polymeavkjch are used to create the hydrophobic propedfe
electrodes and gas diffusion layers. The decomipasitf the PTFE and Nafion under electrochemical
stressing can be observed in XPS measurementsietiomposition of the polymers leads to an altendtio
the hydrophobic properties and consequently toaagéd water balance in the cell.

The financial support of the EU project “DECODE (6R13295)", of the HGF-Project “PEM Durability (CHFG-
006)", and of the project “O2RedNet (01 SF 0302)tld German Ministry for Education and Researclyratefully
acknowledged.
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Methods to detect and mitigate catalyst support cdron corrosion in PEMFC

Denis BonaDennis Curtin, Francesco Pedrazzo, llaria RdskEma Maria Tresso
Electro power Systems Spa, Torino, Italy

Today, the state of art for PEMFC technology isadabon black-based electrode layers, which ariedlscomposed
by agglomerations of Pt/C and ionomer, where thiaélitates the reaction, the carbon conductstedes to the GDL,
and the ionomer transfers protons to the membrBime carbon blacks are characterized by high pgrdsigh surface
area and good conductivity for electrons and idjs$o while the Pt/C catalysts ensure gpedormance, they lack
durability and are subject to chemical attack under certp@raging conditions. One of the most destructiveceons
is carbon corrosion, which causes the catalyst support structure gpadke, leading to Pt dissolution and MEA failure

(2], [3], [4].

Concerning the PEMFC durability, the catalyst ddgteon caused by carbon corrosion is likely a mipgblem in
stationary application or when the fuel cell penfisrwith constanbperating conditions during its lifetime. However,
it is well-documented in the literature that if theel cell undergoes many startup — shutdown cy@esn backup and
automotive applications, this failure mode can mee@xtremely relevant. Customer field data coldig Electro
Power Systems confirms that the catalyst suppehtoracorrosion is by far the most relevant failoaeise for backup
applications.

This problem is extremely important in backup poagplications because carbon corrosion leads toarersible and
relatively rapid failure. Field-installed powerstgms which experience one or more cells with ack@rcatalyst
degradation must be reported at the facility arel fiel cell stack scheduled for replacement. Taavés the site
unpowered and unsafe from a power blackout forrtaicetime period.

The aim of this work is to offer a better theorationderstanding of the carbon corrosion mechartismefine methods
or techniques to monitor and quantify the degradastatus, and to use the theoretical basis toelefiitigation
solutions best able to minimize the carbon cormsio

This presentation will focus first on a review dfet carbon corrosion mechanism with the aim to rebethe
fundamental cause of this degradation mechanism. Carbon corrosion cecur under two different operating
conditions. 1.When oxygen and hydrogen are mixetleaanode and no load is applied to the cell (dua startup or a
shutdown), aeverse currentis generated in certain parts of the cell leadingarbon corrosion of the cathode catalyst.
2.1f the cell is generating a current and the ansuféers from fuel starvation (the hydrogen canreztch the active
area), both the anode and the cathode catalysiecedamaged by carbon corrosion.

The core discussion will review the most usefatection methods,together with a list and description of several
demonstratednitigation strategies Some detection methods only can be applied jgedlstiin a laboratory setting, so
the major interest is for methods that can be whbegttlyin situ. Once the degradation mechanism is determined and
explained, the most pressing concern is usualkystablish a reliable mitigation strategy that weioid or minimize
carbon corrosion. Two different but probably connpémtary categories will be presented:

- Mitigation solutions adopting new more resistaraterials

- System mitigation strategies reducing the cadmmosion generation

Actual data from Electro Power Systems’ experiewd@ carbon corrosion will be presented and wilpgart above
mentioned discussion.

References:

[1] S. Litsterl, G. McLean, Review: PEM fuel celéctrodes, Journal of Power Sources 130 (2004j6&1—

[2] Jutae Kim, Junhee Lee, Yongsug Tak, Relationsfépveen carboncorrosion and positive electrodentiai in a proton-
exchange membrane fuel cell during start/stop adjper,alournal of Power Sourc&plume 192, Issue 2

[3] Thomas R. RalplandSarah HudsarDavid P. Wilkinson Electrocatalyst Stability In PEMFCs And The RoleRbEl Starvation
And Cell Reversal Tolerant Anodes, The Electrocleahociety 208th ECS Meeting Volume 1, Issue &tober 16-October 21,
2005

[4] Akira Taniguchi, Tomoki Akita, Kazuaki Yasud#pshinori Miyazaki, Analysis of electrocatalygitgradation in PEMFC
caused by cell reversal during fuel starvatiomurdal of Power Sources 130 (2004) 42—49

Current density measurements for in-situ studies o&ging processes of polymer
electrolyte membrane fuel cells
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Erich Gillzow H. Sander, Hans Bettermann

German Aerospace Centre, Institute of technicahtbdynamics, Pfaffenwaldring 38-40, 70569
Stuttgart, Germany

From the technical point the performance loss ef &glls is the main problem of the degradatiolnfrex-

situ measurement the various degradation procesmesbe identified and investigated, but the loss of
performance cannot be determined from these measuts. For this purpose in-situ measurements are
needed. At DLR a tool for current density measuetis using printed circuit board (PCB) was devetope
[1]. The conducting area on the surface of the FC&gmented (on the MEA side) and conducted vilsm
resistance to the back side of the PCB. The smdiVidual voltage drops over these resistance dgiies
information about the current density distributievhich can be measured and recorded on-line. Tove fl
field will be machined directly in the PCB, so tREB can be used as bipolar plate.

A =

current
collector

plated
through
holes

non-conductive
matrix

sense conductors
to connector

T 4 mm flow field measurement
channels resistors conductive backplate

Fig. 1: Printed circuit board (PCB) for current dityh measurements (on top) and sheme of the PCiBothp

In the investigation of degradation the currentsitgrmeasurements allow to observe the local claimge
the performance and to detect local differencesthi@ degradation. Caused by the degradation the
performance decreases and caused by inhomogenditg degradation also the shape of the currersitgen
distributions change.
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Fig. 2: Alteration of the current density distrilaut, left side current density distribution aftéars-up phase, right side
after 400 operation at 600 mV

The financial support of the German Ministry ford€dtion and Research in the project “on-line Diagtik
(01RI715B)” and “PEM-CaD (03SF0360C)" is gratefulacknowledged.
[1] M. Schulze, E. Gulzow, St. Schénbauer, T. KnBriReissner, J. Power Sources 173 (2007) 19
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Long-term test of PEM fuel cells with a dry cathodesupply and daily EIS
analyses

Sonke GoRlingPeter Beckhaus, Angelika Heinzel — ZBT GmbH, Geryna

In scientific publications long term performanceREM fuel cell components is usually presented
on the basis of highly sophisticated test enviromsie Nevertheless real life stability of the
individual components is dependent on system acthites, media supply, operational strategies
and further materials both of the fuel cell stasklf and all peripheral elements within the baéanc
of plant.

The main focus of long-term tests at ZBT is thewation of real operating conditions in portable
and mobile applications. Therefore the tests amegbperformed without cathodic humidification
and using anode recirculation of hydrogen. Furtlueenfor secured test results short stacks of 5
cells are used and always three short stacks ang bested in parallel (Figure 1). This allows
verified results for long term tests e.g. compastark components (MEA, gaskets, bipolar plates)
or operational topics like media supply indepenlyeindm any outside influences.

This talk will give an overview on the design anerative optimization of the implemented EIS
(Electrochemical Impedance Spectroscopy) test @@atore and its influence on the measured
impedance spectra. The results of multiple tesesemcluding continuous and various loads and
start/stop cycles, are presented. A strong inflaesfcstart/stop cycles on the cell performance has
been detected.
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FIGURE 1 Long-term parallel operation of three short stacks.
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Experimental study of the degradation of polybenzintdazole-based membrane
electrode assemblies doped with phosphoric acid.

Samuele GalbiatiAndrea Baricci, Andrea Casalegno, Renzo Marchesi.
Politecnico di Milano, Department of Energy, vianiaruschini 4, 20156, Milan, Italy.
E-mail: samuele.galbiati@mail.polimi,iandrea.baricci@mail.polimi.it

The recent technology of polybenzimidazole-basegh hemperature polymer electrolyte fuel cells (PBI-
based HT-PEFCs) doped with phosphoric acid provadgsiution to some of the most critical featurethe
traditional Nafion-based low temperature PEM fuellsc The higher operational temperature included i
between 140°C and 200°C allows higher resistanckudb impurities (CO up to 2%), easier and more
effective heat recovery and simplified water mamagpet due to the absence of liquid phase. Thesaré=sat
make this type of technology attractive for usetationary heat and power cogenerative systemsenther
fuel is produced via the reforming of hydrocarbons.

While the achieved power density levels can beidensd satisfactory, durability still representsriical
issue and contributes to its high cost and limitedpan. To date, the operation of PBI-based HMPEs
has been demonstrated for up to 18000h of steadg eperation under reference conditions (T=160°C,
i=0.2 A cm-2, pure hydrogen as fudfi2=1.2, air as oxidaritair=2) with a voltage loss of around 10%.

Nevertheless, it is widely recognized that someup@ters play a major role on the lifespan of HT-FEN,

in particular fuel cell temperature, current densihd reactants stoichiometry. Therefore furtheeagch is
needed to clarify the effect of different operatitwnditions in order to individuate optimized opéraal
strategies that may extend the life of the fuel. dalirthermore clarifying how the single componeats
affected by the fuel cell operational mode is us&uunderstand the reasons of degradation andaeve
more stable materials.

This work reports the results of a long-term tagtiativity carried out on a PBI-based HT-PEMFC aped
under steady state conditions changing temperatueent density and air stoichiometry. Aim of the
reported experimental investigation is to evaluat degradation rate of this type of fuel cell untsst
parameters of practical interest. Insight in theises of degradation is obtained by means of dedicat
measurement techniques such as Electrochemicablampe Spectroscopy (EIS), Cyclic Voltammetry (CV),
Linear Sweep Voltammetry (LSV) and polarizationvas.
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Degradation studies of DMFC
Madeleine Odgaard and Jacob Lindner Bonde
IRD Fuel Cells

The step from small-scale prototype manufacturiogréal products for making fuel cells a
commercial success is a major challenge. The dinethanol fuel cell system, directly converting
methanol to power, water and €@ one of the potential future substitutes for pogenerators.

The potential applications range from stationargtlend power sources to mobile battery chargers
or range extenders.

IRD is participating in several national and inegranal projects ranging from MEA development
to field test of DMFC systems.

Durability studies and impact of the various opeagatonditions on the catalyst stability and study
of components integrity is mandatory to tailor tight approach leading to further performance
enhancement. The presentation will include theustahd latest results from the development and
test of cells and systems and discuss durability marformance of the MEAs in commercial fuel
cell applications. An example of a lifetime teseoDMFC MEA can be seen on figure 1.
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DMFCMEA DURABILITY TEST [01]
Toen = 75°C, Agy = 3.0, Agyzan =4.0, 1.0 M CH;0H

= -0.0000:118x + 0.4293912
K = 0.9114703

U [V] / HFR [Qfem’]

0.25

High Frequency Resistance (HFR): ¥y = 1L.0E-0.7 * X +0.1131

0.00

0 2,500 5,000 7,500 10,000
Hours @ 0.2 ,nt!h‘.‘t:m2

Figure 1: Results of an extended single-cell DMFEAVproduced by IRD.

page 21/44



e ! q NeW Energy World
JU

Premium ACt fuel cells & hydrogen for sustainability

Experimental methodology to perform and analyze DMIE degradation tests
Fausto BrescianAndrea Casalegno, Matteo Zago, Renzo Marchesi

Department of Energy, Politecnico di Milano, Vianharuschini 4, 20156, Milan, Italy
e-mail:fausto.bresciani@mail.polimi.it

Direct methanol fuel cell (DMFC) is a promising egesource for portable electric

applications due to its low operation temperateapid start-up, and liquid fuel. At present, th@melation

of DMFC is still one of the major concerns on tlmenenercialization of this technology.There are salver
interconnected and complex phenomena that cordridat degradation. In literature there are few
experimental investigations of direct methanol faell degradation: they show that degradation hath b
temporary and permanent contributions but genethly do not quantify them nor estimate its undetya
No shared methods are available in literature, cduthe reliability of experimental results compan.
Moreover evaluating operating condition influengedegradation, the duration of the test is estabtisa
priori in an arbitrary manner, risking time wastdardormation loss.

The aim of this work is to propose a statisticathmd to characterize permanent and temporary datioad
rates and that permits to define test duration idensg the requirements of measurement accurady an
reliability. The proposed method can be applieddth steady state and cycling operation.

Moreover it is difficult to distinguish the contribon of both anode and cathode to the overallagatloss
because of the poor reliability of in-situ refererelectrodes. In this work an experimental chareetgon

of anodic degradation is also presented. Anodicrpmtential is continuously measured supplying the
cathode with hydrogen to serve as a referenceretbctExperimental tests show the presence of teanpo
degradation at the anode side, which can be reedwavitching off the cell.

The above cited methodology allows quantifying delgtion rates also in anodic operation and anode
permanent contribution is comparable with the oVerse

Keywords: DMFC, degradation.
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Individual Cell Degradation during Fuel Cell Stack Operation

Sébastien RosinfFabrice Micoud, Hortense Laforét,
8CEA DRT/Liten/DEHT/LIGE - CEA-Grenoble, 38054 Grie cedex 9, France

e-mail:sebastien.rosini@cea.fr

In an international context of low-carbon energyelepment, Fuel cell systems are one of the most
promising systems to convert chemical energy withh refficiency and low carbon emission. In
spite of important improvements during the lastadie; fuels cell system commercialization must
pass through the enhancement of lifetime and rétiabf stacks. Performances of PEM fuel cell
stack are linked not only to MEA and bipolar platanufacturing but to degradations induced by
working point of the fuel cells stacks too.

This presentation deals with the degradation ofoperances occurring in fuel cell stack. In a first
part, it focuses on the degradation induced by higlve area utilization and as a consequence, by a
discrepancy of gas concentration, of thermal andhaweical management all along stack surface
area. In a second part, degradations of the elemeatlls are studied and explained by a stacking
effect and by fluidic, electric and thermal managetralong the stack.
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Figure 1: a) Degradation rate of individual cellltage on a short stack. b) Evolution of stack
impedance during operation on a short stack.
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Ex-situ electrochemical analyses of PEMFC electrodes after-situ ageing tests

Sylvie EscribanpNicolas Guillet, Pierre-André Jacques, Laure @nét
2CEA DRT/Liten/DEHT/LCPEM - CEA-Grenoble, 38054 @oble cedex 9, France

e-mail:sylvie.escribano@cea.fr

Increasing Proton Exchange Membrane Fuel Cells (PEMdurability as well as reducing their
cost are two objectives to be reached for largéestavelopment and systems commercialization.
Work is conducted in different projects to checle tturability and study the degradation of
Membrane Electrode Assemblies following variousdlogcles profiles.

During fuel cell ageing test&-situ diagnostics are applied for both performance andponents
degradations analysis. It is clearly established these diagnostics give averaged information on
the electrodes and MEA status whereas the degoadistinot homogeneous. In order to complete
the in-situ results for a better understanding of the degrawdlathe local modifications of the
microstructure are studied showing different medraa in different zonessée L. Guétaz
presentation & postér

In the worst degradation cases, particularly whes membrane is strongly damaged, it is not
possible to gein-situ electrochemical data.

It has been decided to intend investigamxesitualso the local electrochemical characteristicsrafte
ageing. The aim is to check the electrochemicalistaf samples extracted from the complete aged
MEA, enabling to relate the microstructure modificas to their functional properties. A protocol
has been applied to test particularly cathode sesnipl half-cell device. MEA samples are taken
from aged MEAs and the anode is removed from thepkato obtain a half-cell (membrane plus
cathode) for analyses. Typically, samples are sadein the air inlet or air outlet zones for MEAs
tested in counter flow operation.

These aged samples are submitted to electrocherfimghostics like cyclic voltammetry under
nitrogen, oxygen reduction reaction test, carbomanale pollution.

Since samples are coming from aged MEAs and soraststrongly degraded MEASs, the plots of
the electrochemical diagnostics obtained have moseveral cases, the characteristic expected
aspects but it has been possible to get additiof@mation compared tm-situ data. Results have
evidenced clear differences between new and agetr@lles; different modifications depending on
the MEA zones (inlet/outlet), on the ageing tegiligol, on the MEA composition.
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FTIR- and Raman spectroscopic investigations of degdation processes in
polymer electrolyte membrane fuel cells
Pawel GazdzickiMathias Schulze, Erich Gulzow

German Aerospace Center, Institute of Technicatmbdynamics, Pfaffenwaldring 38-40, 70569 Stuttgart
Germany

Polymer electrolyte fuel cells (PEFC) are zero siuis electrochemical energy conversion devices that
allow the efficient use of hydrogen produced wimewable energy sources such as wind or solar power
Even though, PEFC are being investigated for decdtle they are still not yet commercialized due to
relatively high cost and unsufficient durabiliy. &Hife time of PEFC is thereby limited by numerous
degradation processes (2), such as the loss obplydbicity of the gas diffusion layer (GDL) caudey
dissociation of PTFE (Teflon®) polymers (3).

Vibrational spectroscopic methods represent anliexteapproach to study chemical degradation pisE®s

in PEFC, and particularly to perform laterally resal chemical maps and images of PTFE polymers in
GDLs. In this context we present Fourier transfanfrared spectroscopic (FTIR) as well as Raman
measurements of the distribution of PTFE in membratectrode assemblies (MEAs) and discuss the
advantages and drawbacks of each method. Even hhbaoth methods are based on the excitation of
molecule vibrations, they represent complementechriiques. For instance due to different selectibes
Raman allows the direct access to PTFE as weth aarbon fibres in the GDL while with FTIR only PEF
can be detected. On the other hand, FTIR is lassdbnsuming and non-destructive as compared t@Ram
Generally, we use FTIR and Raman microscopy inromgerform large area overview chemical maps of
entire MEA components (25&nand small area (1nfindetailed investigations, respectively. Typical
measurements depicted in Fig. 1 demonstrate thabdlity of these techniques to study local degtiada
processes of MEA components as well as the spigadation along the flow field of a PEFC.
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Figure 1:(A): Distribution of PTFE in GDL measured with FTIR-ATRO x 20 points). The colour scale corresponds
to peak areas of C-F stretching modes (1030-126%):q): Carbon (1577 cif) Raman map (101 x 101 points) of a
GDL; (C): PTFE (730 ci) Raman map of a GDL.

The financial support of the EU project “PremiumAGIPF256776)" is gratefully acknowledged.

1. Perry, M. L. and Fuller, T. F., A Historical Perspective of Fuel Cell Technologythe 20th Centuryl.
Electrochem. So2002, Vol. 149, p. S59.

2.Schulze, M., et al. nvestigation of Local Degradation EffecEBCST.2010, Vol. 26, p. 237.

3. Schulze, M., et al.Combined electrochemical and surface analysissiigation of degradation processes in
polymer electrolyte membrane fuel celdectrochimica Acta2007, Vol. 52, p. 2328.
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Influence of Local Conditions on the Catalyst Degrdation Mechanisms during
Fuel Cell Operation

Laure GuétazSylvie Escribano, Olivier Sicardy
CEA, LITEN, DEHT-LCPEM, 17 rue des Martyrs, 38054e@oble, France

In this study the microstructure evolution of mean® electrode assemblies (MEA) aged under different
conditions - a constant load mode and a load ayaiiode —, using a counter-flow single-cell, haverbe
carefully analysed by scanning electron microsc(pigM) and transmission electron microscopy (TEM).
The microstructure degradation has been studigdionparticular selected regions; the first oneoisated
near the air inlet and the second one near theutit”.

Degradation of the MEA is not always uniform acrtiss surface. Particularly, when the MEA is agedain
load cycling operation, the degradation is moreesevwn the MEA region located near the air inlair the
MEA aged under constant load mode, the degradafmears identical in the two regions (air inlet and
outlet). In these different regions, two types dEMmicrostructural evolutions have been observegufie

1). The first one, observed in the two analysedoreg(air inlet and an outlet) of the MEA aged unde
constant load mode and in the air outlet regiothénMEA aged under load cycling mode, consists\wéb:
dispersed monocrystalline spherical nanoparticiegbé cathode and no particle formation in the nramdb.
This microstructural evolution is characteristic tbk electrochemical Ostwald ripening mechanism and
probably appears when the cathode potential renaditige level of the mean potential of the celb (@ 0.9

V).

The second type of MEA microstructural evolutiorhserved for the MEA aged under load cycling
operation in the zone located near the air inl@tststs in large particle agglomerates and carlegnadiation
within the cathode active layer, in addition to tplam precipitation inside the membrane. This
microstructural evolution results from expositiohtbe cathode to a high interfacial potential. Thigh
interfacial potential is explained by the reverserent mechanism and is caused by the presenceygéo

at the anode. A significant oxygen crossover, ith@ieases when the membrane is damaged, seemshe be
main factor at tbeo' in of this important catalgegradation m_ephanism.

Figure 1: TEM images of nanoparticle
distribution in a) the fresh MEA, (b) in the
cathode after ageing under load cycling
operation, in the air outlet zone and (c) in
the air inlet zone

1. L. Guétaz, S. Escribano, O. Sicardy, J.
Power Source212(2012) p.169-178.

With the financial support of the FP7 EU
project DECODE (GPF 213295)
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Investigation of ionomer structure through its dep@dence on ion exchange
capacity (IEC)™
Eddy Moukheiber, Gilles De Moor, Lionel Flandin, i®e Bas

LEPMI, UMR 5279, CNRS—Grenoble INP-Université deoi&a-Université J.Fourier, LMOPS—
Bat. IUT Campus de Savoie Technolac, F-73376 Ledgg@bdu Lac Cédex, France

Perhaps the most successful systems to date, gegluifonic acid (PFSA) based membranes have
been used in portable, stationary, and automotw@neercial applications of PEMFC technology. In
addition to providing an attractive combinationpefrformance and reliability, these polymers denrautet
high durability.

The ion exchange capacity (IEC) of conieral ion-exchange perfluorinated membranes based
the so-called Long-Side-Chain (LSC) polymers arartBhort-Side-Chain (SSC) AquiviBmlerivatives [2-
4] was determined using a series of experimentahnigues. Newly developed and already used
experimental analyses were compared in terms dfithdty to the determination of the ion exchange
capacity. The use of complementary techniques allbetter determination of IEC with an uncertainty o
about 3%. This IEC determination method was thgsliegh to membranes with large chemical differences
such as copolymers and reinforced membranes. liti@ddbased on these analyses, relationship betwee
DMA, WAXS, TGA and conductivity parameters and eithEC or the molar number of tetrafluoroethylene
(TFE) per comonomer unit are underlined, leading tmore comprehensive approach of architecture in
perfluorosulfonic acid (PFSA) polymer membranes.
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Figure 1- Morphological aspect of proton
conductivity in PFSA membranes 1. Moukheiber, E., et al.Investigation of ionomer
structure through its dependence on ion exchangedty (IEC).Journal of Membrane Science, 203390):
p. 294-304.

2. Ghassemzadeh, L., et aChemical degradation of proton conducting perfluiésnic acid ionomer membranes
studied by solid-state nuclear magnetic resonameetsoscopyJournal of Power Sources, 200862): p.
334-338.

3. Ghielmi, A., et al.Proton exchange membranes based on the short-bae-perfluorinated ionomeiin Journal of
Power Source2005. p. 108-115.

4. Kreuer, K.D., et alShort-side-chain proton conducting perfluorosulfoacid ionomers: Why they perform better in
PEM fuel cellsJournal of Power Sources, 200882): p. 499-509.
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Detection of MEA's flaws in PEMFC: “in-situ” Relaxo metry combined with
“ex-situ” Infrared Imagery

G. De Mool, C. Ba$, N. Charvirt, F. Niepceroh N. Breilly*, J. André, E. Rossindt E. Claudé

N.D. Albérold, L.Flandirt
L LEPMI, UMR 5279, CNRS - Grenoble INP- Université da®ie - Université J. Fourier
LMOPS - Bat. IUT - Campus de Savoie Technolac, F3376 Le Bourget du Lac Cédex
2 Axane, 2 rue de clémenciére, 38360 Sassenage, France.

Understanding MEA degradation mechanisms is onthefmain issues to improve their durability andrébhy meet
commercial viability. However, the complex relatstwips between laboratory approaches and industpiplications
are poorly developed and very challenging to esthbl aboratory “in-situ” tests are indeed mainlgrformed on
single cells with well controlled parameters andufged on specific factors. Although this kind afdst is intrinsically
limited and hardly allows forecasting what happenseal systems. In contrast feedbacks from réaldpplications
generally focus on macroscopic approaches (Cethgel polarization curves, IES...), but fruitful agation among
the data collected is difficult. In conclusion thés a strong need in the fuel cell area for fesitive and reproducible
ways to investigate polyelectrolyte degradationsthe present work, fast and robust specific maois tools were
developed both to characterize and to localize algfesuch as pinholes or short-circuits, within ti&A. The
identification of defective cells without disassdimg a real-life Axane’s system was performed sirggle step through
a passive electrical technique so-called “relaxoyfie{1-3]. This powerful passive technique allows fast
characterization of an entire stack (hundreds ofAME few minutes). It is based on the measuremérelectrical
properties over time. The principle of the measueiis simple and based on three phaaeforced charginga
current or a voltage is applied to the MEA duringiven time;a self dischargethe assembly is held at open-circuit and
freely dischargesa forced dischargeto return MEA to an equilibrium state. The prilei of the technique is described
in the Figurea. The self discharge is the mostrulisnant step. Indeed, a fast relaxation of theeptél is directly
related to membrane defects such as electronidcshier The flaws were further tracked inside MEAngsinfrared
Thermography in order to obtain their precise lmeatThis last technique allows pointing out thea&xposition of
flaws inside the MEA with a very high sensitivitg described in the Figureb. It was possible bybcation to detect
pinholes with size close to 7fm. Consequently, with the numerous data collecsl/gral hundreds of MEA
macroscopically analysed), it was shown that epamfiole in the stack could be detected by combittiregtechniques.
The method was also of great help to perform mpeeific analysis, such as SEM analyses, around dli@as in order
to identify membrane degradation mechanisms afiemg. The set of diagnostic tools will be of grhetp to design
the next Axane’s Fuel Cell generation, with a lrettaderstanding of the membrane or system failuoglas for
instance by varyipg the operating conditions.
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Figure: a) Schematic representation of the relaxpnukevices applied to a synchronous measurememstdck; b)
Hole size calibration by IR thermography
[1] Flandin, L., Danérol, A. S., Bas, C., Claude, Be Moor, G., and Albérola, N. D., 2009, "Chaegiziation of the degradation in Membrane-
Electrode-Assemblies through passive electricalsmeanents," Journal of the Electrochemical Sociaiy,156(n°10), pp. B1117-B1123.
[2] De Moor, G., Bas, C., Charvin, N., MoukheibEr, Niepceron, F., Breilly, N., André, J., Rossirtet, Claude, E., Albérola, N. D., and Flandin,
L., 2012, "Understanding Membrane Failure in PEMEGmparison of Diagnostic Tools at Different Obsgian Scales," Fuel Cells, pp. n/a-n/a.

[3] Page, S. C., Anbusky, A. H., Krumdieck, S.dhd Brouwer, J., 2007, "Test Method and Equivairduit Modeling of a PEM Fuel Cell in a
Passive State," IEEE Transaction on Energy Conwer&i2(3), pp. 764-773.

Chemical stabilization of polymer electrolytes useih PEMFC
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aStructures et Propriétés d'Architectures MolécidairUMR 5819 (CEA-CNRS-UJF), INAC/SPrAM, CEA-Grien@8054 Grenoble cedex 9,
France

°LEPMI, UMR 5279 CNRSINP Grenoble / UJF / Université de Savaikemin du Canal 69360 Solaize, France

Proton exchange membranes (PEM) are key compoirefitel cell (FC) systems as they allow proton sort
between the two electrodes, without any gas mixitmuever, the enhancement of the durability ofRiEM lifetime is
critical to viability for the FC. The aging of theembrane is due to a chemical / electrochemicalaanechanical
degradation. Hydrogen peroxide and its productsleffomposition (HO« and H® generated during the fuel cell
operation are considered as one of the importasibkeof the membrane degradatién

The first works devoted to a strategy of chemi¢ab#ization of membranes appeared only very rdgg2003).
These works are based on a radical scavengersaappfo Following a different strategy, our work intertdsdevelop
sacrificial stabilizers able to decompose hydrogeroxide formed in fuel cell operation. Two statelis based on
thiourea (THP) and tetrasulfide (TS) groups wenetlsstized. In order to avoid leaching of the sfabil induced by
membrane swelling in the fuel cell, the stabilizeere grafted onto SiOnanoparticles (figure 1). Nanoparticles
dispersion in the membrane is expected to haveoagimpact on both conductivity and mechanicalpprties of the
membrane, and was thus thoroughly studied. AFM yseal performed on the cross section of cryo fradtur
membranes have shown an excellent dispersion atiuralized THP loads whereas the formation of aggtes was
observed with functionalized TS. (figure 2a). Tldity of stabilizers to limit the membrane degrdda was evaluated
with a SPAEK membrane, for different aging timeamH0O, environment. The most efficient stabilizer appdarbe
the one based on THP groups. However, this stabitannot be used because strong acid base imeraath the
sulfonic groups of the polymer reduced the protamductivity of the membrane and as a consequenee th
performances of the FC. On the other hand, theatixid of the TS stabilizer leads to the formatidrswifonic groups

and consequently to an increase of the ionic candiycof the membrane (figure 2b).
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composite membranes versus aging time j@.Hvapor at 70°C
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2. Scherer G.G., Bunsen-Ges Ber., Phys. Chem1088-1014, 1990.
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Insights into the Degradation Mechanism of
Radiation Grafted Fuel Cell Membranes

Lorenz Gubler, Kaewta Jetsrisuparb, Yves Buchmiiller, Zhuoxiaihgng, Lukas Bonorand

Electrochemistry Laboratory, Paul Scherrer InstjitGH-5232 Villigen PSI, Switzerland
*lorenz.gubler@psi.ch

Several thousand hours of durability have beernaitawith radiation grafted membranes in the fugdl at a
temperature of 80°C under constant as well as dyniad conditions [1-3]. The insights gained soifdo

the aging phenomena suggest that the chemical digya mechanism in radiation grafted membranes is
fundamentally different from those found in perfloalkylulfonic acid (PFSA) membranes. Whereas
catastrophic failure is often encountered in PFSnranes as a result of localized degradation antble
formation, properly designed radiation grafted meanks rarely develop pinholes and mechanical &slur
even in heavily degraded samples. Therefore, kiedihbod for catastrophic failure is much lower.

accelerated stress
tests (AST)

degradation
kinetics
failure mode
understanding analysis
effluent W.ater membrane
analysis degradation
post test
analysis
Figure 1. Schematic of the strategy adopted
degradation to study the chemical degradation
mechanism mechanisms in radiation grafted membranes.

In this contribution, we will discuss and evalutte various techniques that are being exploreddbethe
aging phenomena in radiation grafted membranesohirast to PFSA membranes, the analysis of the
fluoride content in the product water is not meghihand other analytical methods have to be usech as

ion chromatography. Our strategy to further our earathnding of the prevalent degradation phenomena
encompasses a combination of accelerated stretssitethe single cell, combined with analysis oé th
effluent water and post-test analysis of the memddyrdor instance using FTIR spectroscopy (Figure 1)
Moreover, a current status report of the developmegarding performance and durability will be give

References:

1. L. Gubler, H. Kuhn, T.J. Schmidt, G.G. SchekeR. Brack, K. Simbeck;uel Cells4 (2004), 3, 196-207

2. L. Gubler, G.G. Scherer, irtandbook of Fuel Cellsvol. 5, W. Vielstich, H.A. Gasteiger, H. Yokokay&aditors),
John Wiley & Sons Ltd, Chichester, United Kingddt09, 313-321

3. L.Bonorand, G.G. Scherer, L. Gubler, “Durailif radiation grafted membranes under dynamic atpeg fuel
cell conditions in comparison to Nafion 212 andibiafXL-100 membranes BSI Electrochem. Lab. Annu. Rep.
(2011), 17-18 (DOI: 10.3929/ethz-a-007047464)
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In Situ Characterization of Styrene-based Radiation Graftd Membranes with
Nitrile Groups in the Fuel Cell

Z. Zhang K. Jetsrisuparb, A. Wokaun, L. Gubler
Electrochemistry Laboratory, Paul Scherrer Institut
5232 Villigen PSI, Switzerland
zhuoxiang.zhang@psi.ch

To obtain tailor-made and cost-effective membrafoespolymer electrolyte fuel cells (PEFCs), we are
looking at utilizing the radiation grafting methedhich is based on versatile processes and low+ewst
materials. In the preparation of styrene-basedhtiadi grafted membranes, functional monomers, sgyfer
instance, are grafted into pre-irradiated polymesebfiims followed by sulfonation, by which we oduce
proton exchange sites and thus conductivity int® tilembrane. In the development of PSI membranes,
methacrylonitrile (MAN) was used as co-monomer tonpote the grafting ofi-methylstyrene (AMS), and
the obtained membranes displayed a conductivigrafind 100 mS/cm and significantly higher durapilit

the fuel cell compared to pure styrene grafted mamd®’. Our further work revealed that styrene/MAN co-
grafted membranes also exhibited much longer fifetthan pure styrene grafted membranes under aahorm
operating conditiof. The effect of nitrile groups on membrane perfatoea and durability is being
evaluated in our current work through testing stgfMAN and styreneAcrylonitrile (AN) co-grafted
membranes (Figure 1) in the single cell, the resaflivhich will be presented.

SSA MAN SSA AN
HaC
ETFE ETFE
C C
Il Il
N N
SO;H SOzH

Figure 1. Schematic of the architectures of the membrasesd in the study. SSA: styrene sulfonic acid

Open circuit voltage (OCV) hold tests have beenelyimployed as an accelerated stress test (AST) to
promote membrane degradation in PEFCs due to thaneed gas crosso¥er The purpose of using
accelerated degradation conditions is to achietigh testing throughput. In our study, the nitgeup
containing membranes have been tested under the &C&lerated condition with online measurement of
the high frequency resistance (HFR), and pre-tgsist-test determination of the hydrogen permeaton
investigate the change in gas barrier propertythla contribution, the effects of the presence itfile
groups towards mitigating degradation of our meméesafound in the OCV hold tests will be reportettj a
the possible stabilization mechanism will be diseas Furthermore, thpost mortemanalysis based on
Fourier transform infrared spectroscopy (FTIR)asducted after the OCV hold test in order to ingede

the composition change and characterize the detipads membranes.
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The Essential Work of Fracture (EWF) of PFSA membraes: a way to
understand MEA degradation

Eddy MoukheiberCorine Bas, Lionel Flandin

LEPMI, UMR 5279, CNRS-Grenoble INP-Université deofa-Université J.Fourier, LMOPS—
Bat. IUT Campus de Savoie Technolac, F-73376 Leg@bdu Lac Cédex, France

In this research, the Essential Work of Fractur8mfll Side Chain (SSC), Long Side Chain
(LSC) and PTFE reinforced PFSA type films were &ddvith Cotterell tests [1, 2]. The effect of
reinforcement, chain orientation, water and tempeeawere evaluated. The PTFE reinforced
membrane showed a better resistance to cracktioitiaharacterized by a high essential work of
fracture w and a better resistance to crack propagation cteized by a higher slogavp. The
effect of chain orientation showed that TD-notcle@gmens displayed the highest resistance to
fracture which suggest that the control of cradkation or propagation could be optimized by
pointing the direction of the gas channel perpaunidity to the orientation of the polymer chains,
i.e. to rolling process during manufacturing. Mareq the resistance to crack initiation was found
to be dependent on water content of the membragadiess of the length of side chain while the
resistance to crack propagation was found congtanboth types of membranes. Finally, the
combine effect of water and temperature was foundutther reduce the resistance to crack

initiation however it strengthens the resistanceréek propagation.

1. Garnier, G., et al.On the essential work of fracture in polymer-meatalltilayers. Journal of
Materials Science, 20084(20): p. 5537-5543.

2. Barany, T., T. Czigany, and J. Karger-Kocsipplication of the essential work of fracture (EWF)
concept for polymers, related blends and composRe®view in Progress in Polymer Sciencp.
1257-1287.
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Influence of support morphology on MEA performanceusing polyaniline as
alternative support material

Benedikt PetetJulia Melke? Christina Roth
"Institute for Applied Materials (IAM), Karlsruhe stitute of Technology (KIT)
*Institute for Materials Science, TU Darmstadt
Phone +49 (0) 6151 16 6357, peter@energy.tu-dadindéa

In the last decades, there has been a lot of eff@rards the development of new catalysts and yctal
preparation techniques, but there has been coabigdess interest in the support itself and itgphology

in particular [1]. It is well known that the eleatfes structure is a key issue for the fuel celiguerance, as

it is responsible for electron, proton, reactand gmoduct transport. Especially the water conteomf
humidification and product water, the so-called evatnanagement, has a huge effect on fuel cell
performance and components degradation [2].

One step towards the controlled processing of 3Dckired electrodes is the use of polymer fiberd an
adapted electrode fabrication techniques, as fatanmte a modified layer-by-layer technique (LbLheT
fibers can be synthesized in different lengths aid different diameters. By tuning their morphoyogver

a wide range its influence on the fuel cell perfante can be determined.

To this aim, the supports morphology needs to hedwvithout changing its chemical characterisfidss

can be done either by using the electrical andbprobnducting polyaniline (PANI) itself or in itaidbonized
form. Chemical similar PANI with different morphgies was obtained via a wet chemical approachr@igu
1). This PANI has been decorated with Pt nanopestiusing HCOOH reduction at room temperature [3].
The mild reaction conditions ensure that theredsdacomposition of the polymer and no change in the
morphology.

right: granular material produced in 0.1 M3®,. Reaction conditions: 0.450 ml aniline dissolvied0 ml acid rapidly
mixed with 1.423 g ammonium peroxydisulphate digsdlin 50 ml acid then vibration-free stored fort24

Membrane-electrode assemblies (MEA) of the diffeRANI materials have been prepared and will be
tested in a home-made testbench as cathode witdndasd carbon black supported catalyst as anode.
The focus of these investigations will be on tha#rformance at first, but also on their long term
stability and durability. For the latter, the effef the material and the resulting electrode stmgcwill

be analyzed.

[1] S. Litster and G. McLeadournal of Power Sourcesol. 130, no. 1-2, pp. 61-76, May 2004.

[2] N. Yousfi-Steiner, P. Mocotéguy, D. CandussoHissel, a. Hernandez, and a. Aslanidesirnal of Power
Sourcesvol. 183, no. 1, pp. 260-274, Aug. 2008.

[3] S. Guo, S. Dong, and E. Wang, Small (Weinhamder Bergstrasse, Germany), vol. 5, no. 16, 916, Aug.
2009.
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Understanding MEA failure in PEMFC using multi-scale characterizing tools
Assma El-Kaddouri, Gilles De Moor, Eddy Moukheib&grine Bas, Lionel Flandin

LEPMI,UMR 5279, CNRS—Grenoble INP-Université deof8aniversité J.Fourier, LMOPS—-Bat. IUT
Campus de Savoie Technolac, F-73376 Le BourgeadCkdex, France

Proton Exchange Membrane fuel cells (PEMFC) arecetgunl to be an interesting alternative as power
supply in portable, automotive and stationary agapions because of their high power density and low
environmental impact. Still some barriers have ¢odvercome before PEMFC become actually a viable
market option. In order to access the viability fa€l cell systems, one still needs to increaser thei
performances and durability.

The LMOPS team has worked in this area for almOstelars exclusively with Axane (Air liquid grouma

has developed innovative tools to characterizewsnttrstand fuel cell performances over time. Adadeg

in the figure below, we are currently involved irobing the performances of the systems at manwgreifit
scales from the entire stack down to the chemiegtatlation that may occur in service. On the maoqus
scale [1], a unique set of measurements tools kas beveloped such as relaxation and thermal camera
techniques which allowed identifying degraded ceilsinly by perforation. Other experimental methatls
meso/microscopic scale such as infrared spectrgsdypamic mechanical analysis or TGA, reliable¢ha
literature for the characterization of differenpé&g of composites, were applied here for the stidyEAS.
Some of these techniques are specific to the sifittye membrane [2] while others concern the stofdje
ionomer of the active layer or membrane-electrotierface [3, 4].
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Figure: Hierarchical analysis of the performance ad durability of fuel cell developed at LMOPS.

1. De Moor, G., et al.Understanding Membrane Failure in PEMFC: Comparisoh Diagnostic Tools at
Different Observation ScaleBuel Cells 2012

2. Moukheiber, E., et allnvestigation of ionomer structure through its degence on ion exchange capacity
(IEC). Journal of Membrane Scien@&890): p. 294-304.

3. Danerol, A.S., et allnfluence of ageing in fuel cell on membrane/etmdds interfacesJournal of Power
Sources, 2011196(7): p. 3479-3484.

4. Bas, C., et al.Changes in the chemical structure and properties gferfluorosulfonated acid membrane

induced by fuel-cell operatiodournal of Applied Polymer Science, 201Q074(4): p. 2121-2132.
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FTIR spectroscopic imaging of aged gas diffusion Yeers (GDL)

C. HolzapfeP, A. Haud’, M. Schulz®
Y German Aerospace Center, Institute of technicahtbdynamics, Pfaffenwaldring 38-40, 70569 Stuttgart
Germany?) Present address: Ministerium fir Umwelt, Klima inkrgiewirtschaft, Baden-Wiirttemberg,
Germany

Regarding fuel cells as an environmental friendhgergy converter one of the major unsolved problems
beside the costs is an insufficient lifetime. Inypaeer electrolyte fuel cells humidity managemenoise of

the key points for their performance. The water aggment is mainly determined by the

hydrophobic/hydrophilic properties of the gas difin layer (GDL) including the micro porous lay&hus

the degradation of GDL and micro porous layers (Miierein are the key point for the understandihg o

reduced fuel cell lifetimes.

In the past the partially decomposition of the pudys in the GDL and the MPL was observed by X-ray
photoelectron spectroscopy measurements on fredsraged GDL and MPL. The decomposition of the
polymers due to fuel cell operation changes thedpfibbic/hydrophilic properties of the GDL, MPL and

catalyst layer and consequently also the watenbala the cell.

Disadvantage of these XPS investigations are figatteasurements were performed under ultrahighuvacu
conditions and the X-ray radiation induces alsoeaothposition of the polymers, therefore the FTIR
spectroscopy as a non-destructive investigationhodketfor the polymers and their distribution is very
interesting. The imaging of the gas diffusion comgrits shows a significant inhomogeneity for botéstf
and aged, GDLs.
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Fig. 1: Intensity of the C-F vibration measuredMfL (on top) and the paper side (bottom) of a conciaé GDL.
The fresh component is on the left side, the agedhe right side. The investigated area is 50x502mm
measured 20x20 points.

The financial support of the EU project “PremiumAGPF 256776)" and the project “PEM-CaD (03SF03600©f
the German Ministry for Education and Researchrégefully acknowledged.
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Chemical imaging of proton exchange fuel cell comp@nts using vibrational
spectroscopy

I. S. Biswas, M. Schulze, P. Gazdzicki, E. Gillzow

German Aerospace Centre, Institute of technicahtbdynamics, Pfaffenwaldring 38-40, 70569
Stuttgart, Germany

The performance and durability of proton exchangel tells (PEFC) is strongly affected by numerous
degradation processes that occur under fuel ca@tabjpn conditions. It is therefore desirable tdaob
detailed information of the corresponding ageingcinamisms in order to avoid them by improving the
design of the individual PEFC components. Besidadsdrd, yet compleax-situexperiments such as XPS,
chemical imaging using vibrational spectroscopicthods is a powerful approach for physical
characterization of PEFC components and degradation

This poster demonstrates the applicability of Feutransform infrared microscopy (FTIR) and Raman
microscopy to investigate membrane-electrode-assesnifMEA) and their components, e.g. the gas
diffusion layer (GDL) and micro porous layer (MPEor the study of the catalyst layer other methibds
provide direct information on elemental materiainpmsition are more suitable. The FTIR measurements
were performed on single points as well as by sognthe sample and also by imaging the surface.a®am
measurements were also performed on single pantgel as by scanning the sample surface. Therdiite
imaging techniques allow to characterize the sanmpdEfferent local resolutions.

The data presented in this poster comprise fresAdviiihly that can be used as reference samplesidg st
specific degradation mechanism
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Fig. 1: chemical image of PTFE in a GDL overlaithwa conventional VIS microscopy image. The meeduarea of
260 x 260 mm2 corresponds to 64 x 64 pixels

The financial support of the EU project “PremiumAGPF256776)" is gratefully acknowledged.
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FTIR imaging of aged GDLs
A. Haud’, M. Schulz®, X.-Z. Yuar?, H. Wang

Y German Aerospace Center, Institute of Technicatfibeynamics, Pfaffenwaldring 38-40, 70569
Stuttgart, Germany? Present address: Ministerium fiir Umwelt, Klima uergiewirtschaft, Baden-
Wirttemberg, Germanﬁ’,lnstitute for Fuel Cell Innovation, National Resgafouncil of Canada,
Vancouver, B.C., Canada V6T 1W5

The performance loss induced by the degradatidnedfcells is one of main problems beside the
costs for introduction of fuel cells for mass madrépplications. The water management is a crucial
parameter for the performance of fuel cells. Thdrbghobic/hydrophilic character of the fuel cell
components especially it of the gas diffusion lay&DL) has a strong effect on the water
management. Therefore, the alteration of GDL dubécaging is an important degradation process.

FTIR spectroscopy allows to investigate the surfamaposition of the fuel cell components. Using
the peak area of the C-F vibration signal the medatoncentration of the hydrophobic agents
(PTFE) on the surface of the GDL and MPL (microqusr layer) can be determined.

With exception of the sample, which was operated 8)0 h, a decrease in the PTFE concentration
can be observed.

300h 600 h 900 h

Y Data

X Data X Data

Fig. 1: FTIR-ATR image with an area of 150um x 3160 (7x7 points) of aged GDL (300 h, 600 h, 9000Q0.h and
1200h).

The financial support of the HGF-Project “PEM Duiitity (CHRJG-006)"by the German Ministry for Edudat and
Research is gratefully acknowledged.
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Pt-Co nanocatalyst degradation after fuel cell opetion studied by EELS
elemental mapping

M. Lopez-Hard, L. GuétaZ, S. Escribang P. Bayle-Guillemaul

! CEA-INAC/UJF-Grenoble 1 UMR-E, SP2M, LEMMA, Minate¢ CEA/LITEN, DEHT, LCPEM - 17 rue
des Martyrs, 38054 Grenoble cedex 9, France.

Pt-Co alloy nanopatrticles are one of the most psamgifuel cell catalysts for cathode, due to timégher
catalytic activity than Pt nanoparticles. Howevercabalt is not stable in the fuel cell environmeheir
activity decreases over the time. Therefore in orde get a better understanding of the degradation
mechanism of the Pt-Co nanoparticles chemical adaingthe near surface regions of nanoparticleslgho
be monitored. In this context, an analytical tegei with a high spatial resolution is needed. Tleeten
energy loss spectroscopy (EELS) combined with thestmadvanced aberration corrected scanning
transmission electron microscopy (AC-STEM) is a pdwl technique for this application.

In this work we have combined EELS done using GllaiQum and AC-STEM (a FEI TITAN Ultimate
operating at 200kV) to investigate the degradatbrPCo nanoparticles after fuel cell operation under
cycling mode. On EELS spectra we can distinguighctiaracteristic signals for the P4, KD-K and Co-L2,3
edges at 518 eV, 532 eV and 780 eV respectivelg. mhatrix of spectra was denoised using the standard
principal component analysis and chemical mapsanstructed using a power-law background subtractio
These maps (Figure 1) highlight clearly a Pt emitkhell surrounding the PtCo core. Two mechanam®s
suggested for the formation of this layer: i) thissdlution of the Co from the surface or ii) thetvzad
ripening mechanism that leads to the re-depositfd®* ions on the largest particles.
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Figure 1. ADF/STEM image of a Pt-Co nanoparticles after fuedl operation and EELS elemental maps of RtQCb-

L,3 and , O-K.. The color map composition highlightsatly a Pt enriched shell surrounding the PtCec&ELS
spectra acquired using the spectrum imaging modeeatracted from different locations of the age@d?hanoparticle
supported on carbon black show the difference locaiposition.

We acknowledge financial support from the CEA NABIESICE Program (Project TOMOENER). M.L.H. thanks th
MECD Spanish Ministry (ref. EX2010-1135) for furgiims stay at CEA-Grenoble.
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" LEPMI / LMOPS, Campus de Savoie Technolac, . . .
El-Kaddouri Assma 73376 Le Bourget du Lac, France Assma.El-Kaddouri@univ-savoie.fr
. . CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 ) )
Escribano Sylvie Grenoble cedex 9, France sylvie.escribano@cea.fr
. . LEPMI / LMOPS, Campus de Savoie Technolac, . . . .
Flandin Lionel 73376 Le Bourget du Lac, France Lionel.Flandin@univ-savoie.fr
L Department of Energy - Politecnico di Milano, - . Lo
Galbiati Samuele 20156, Milano, Italy fausto.bresciani@mail.polimi.it
L Deutsches Zentrum fur Luft- und Raumfahrt e.V. .
Gazdzicki Pawel (DLR), 70569 Stuttgart, Germany pawel.gazdzicki@dir.de
Gérard Mathias CEA-Grenoble, LITEN, DEHT/LIGE, 38054 mathias.gerard@cea.fr
Grenoble cedex 9, France
CEA-Grenoble, INAC-SPrAM, CEA-CNRS-UJF .
Gonon Laurent 38054 Grenoble cedex 9, France laurent.gonon@uijf-grenoble.fr
N N Zentrum fur BrennstoffzellenTechnik ZBT GmbH, . .
Gossling Sonke 47057 Duisburg , Germany s.goessling@zbt-duisburg.de
Gubler Lorenz PaL_ll Scherrer Institut, CH-5232 Villigen PSI, lorenz.aubler@psi.ch
Switzerland lorenz.gubler@psi.ch
Guétaz Laure CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 laure.guetaz@cea.fr
Grenoble cedex 9, France
N . Deutsches Zentrum fur Luft- und Raumfahrt e.V. )
Gulzow Erich (DLR), 70569 Stuttgart, Germany Erich.Guelzow@dlIr.de
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. . CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 ) L
Jacques Pierre-André Grenoble cedex 9, France pierre-andré.jacques@cea.fr
Kurz Timo Fra_unhofer Institute for Solar Energy Systems,
Freiburg, Germany
Laforét Hortense CEA-Grenoble, LITEN, DEHT/LIGE, 38054 Hortense.LAFORET@cea.fr
Grenoble
Lemaire Olivier CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 olivier.lemaire@cea.fr
Grenoble cedex 9, France
Lindner Bonde Jacob IRD Fuel Cells, 5700 Svendborg, Denmark jlb@ird.dk
Maillard Frédéric LEPMI-Grenoble-INP, 38402 St Martin d'Héres frederic.maillard@lepmi.grenoble-inp.fr
Cedex, France
) Cea-Grenoble, INAC-SPrAM, CEA-CNRS-UJF , ) .
Mareau Vincent 38054 Grenoble cedex 9 vincent.mareau@uijf-grenoble.fr
" Solvicore GmbH & Co. KG, Rodenbacher Chaussee ) .
Martin Thomas 4, 63457 Hanau-Wolfgang, Germany thomas.martin@solvicore.com
. . . Cea-Grenoble, INAC-SPrAM, CEA-CNRS-UJF , . I )
Mendil-Jakani Hakima 38054 Grenoble cedex 9 hakima.mendil-jakani@cea.fr
Micoud Fabrice CEA-Grenoble, LITEN, DEHT/LIGE, 38054 fabrice.micoud@cea.fr
Grenoble cedex 9, France
Milly Roger Soprano, 38090 Vaulx-Milieu, France rogermilly@soprano.fr
More Karren Oak Ridge National Laboratory, Oak Ridge, USA morekl1@ornl.gov
Morin Armaud CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 arnaud.morin@cea.fr
Grenoble cedex 9, France arnaud.morin@cea.fr
) LEPMI / LMOPS, Campus de Savoie Technolac, . . .
Moukheiber Eddy 73376 Le Bourget du Lac, France Eddy.moukheiber@univ-savoie.fr
Odgaard Madeleine IRD Fuel Cells, 5700 Svendborg, Denmark mod@ird.dk
Ohma Atsushi NISSAN MOTOR CO, Kanagawa, Japan a-ohma@mail.nissan.co.jp
. TU Darmstadt, FG Erneuerbare Energien, 64287
Peter Benedikt Darmstadt, Germany peter@energy.tu-darmstadt.de
Pinton Eric CEA-Grenoble, LITEN, DEHT/LIGE, 38054 eric.pinton@cea.fr
Grenoble cedex 9, France
Rosini Sébastien CEA-Grenoble, LITEN, DEHT/LIGE, 38054 sebastien.rosini@cea.fr
Grenoble cedex 9, France
Rossinot Elisabeth é;(:r?cee(Alr Liquide), BP-15, 38360 Sassenage, elisabeth.rossinot@airliquide.com
Roure Jimmy Soprano, 38090 Vaulx-Milieu, France jroure@soprano.fr
Schott Pascal CEA-Grenoble, LITEN, DEHT/LCPEM, 38054 ascal.schott@cea. fr
Grenoble cedex 9, France pascal.schott@cea.fr
. Deutsches Zentrum fur Luft- und Raumfahrt e.V. )
Schulze Mathias (DLR), 70569 Stuttgart, Germany Mathias.Schulze@dIr.de
ICI, Caldaie spa, Via G. Pascoli, 38, 37059 . .
Tregambe Carlo Campagnola di Zevio, Italy carlo.tregambe®@icicaldaie.com
. Paul Scherrer Institut, CH-5232 Villigen PSI, . .
Zhang Zhuoxiang Switzerland zhuoxiang.zhang@psi.ch

Local organizing committee:

0 Dr. Laure Guétaz
o Dr. Sylvie Escribano
o Dr. Pierre-André Jacques
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Thank you for your
participation!
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