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PlatinePlatine (reactions activations…)
NafionNafion ®® (proton transport…)
CarboneCarbone (electron transport…)

)(tI

mµ100≈ mµ100≈ mµ105−≈

MEAMEA
−+ +⇒ eHH 442 2 OHeHO 22 244 ⇒++ −+

MEAMEA

Optimization problem in an space of Optimization problem in an space of 
several tens of parameters, with several tens of parameters, with 
merit function being power density merit function being power density 
obtained at given cost and lifetime.obtained at given cost and lifetime.

Accurate models are crucial in order to identify th e Accurate models are crucial in order to identify th e 
origin of the performance losses of fuel cell origin of the performance losses of fuel cell electrodeselectrodes
and to evaluate their theoretical limits. Such mode ls and to evaluate their theoretical limits. Such mode ls 
can help in the improvement of the electrodes can help in the improvement of the electrodes 
(optimisation of Pt loading, diminution of fabricat ion (optimisation of Pt loading, diminution of fabricat ion 
costs).costs).

ThermalThermal

ElectrodynamicalElectrodynamical

ElectrochemicalElectrochemical

Strong non linear Strong non linear 
DYNAMICAL DYNAMICAL 

couplingcoupling

HydrodynamicalHydrodynamical
MechanicalMechanical

Diffusion/Migration Diffusion/Migration 
transporttransport

When PEFC design meets TheoryWhen PEFC design meets Theory
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Enhanced design of materials, membrane and electrod esEnhanced design of materials, membrane and electrod es

Highly resolved structural modelsHighly resolved structural models
and reliable exand reliable ex --situ diagnosticssitu diagnostics

Performance modelling at the systems level: how do we Performance modelling at the systems level: how do we 
build the best PEFC with existing materials?build the best PEFC with existing materials?

Information on inInformation on in --situ performance and help to envisagesitu performance and help to envisage
how changes to the architecture of key materials co uld how changes to the architecture of key materials co uld 
affect PEFC performanceaffect PEFC performance ..

Two kinds of PEFC modellingTwo kinds of PEFC modelling

• H. H. PitschPitsch (Stanford):(Stanford): electrochemical reactions by Monte Carlo 
• E. E. SpohrSpohr ((JuelichJuelich):): Proton and water transport by Molecular Dynamics
• T. Jacob (Max Planck):T. Jacob (Max Planck): electrochemical reactions by Molecular Dynamics
• S. S. PaddisonPaddison (Los Alamos):(Los Alamos): proton transport by Statistical Mechanics
• V. V. ZhdanovZhdanov ((GöterborgGöterborg)) (Monte Carlo)

•• T. Springer (Los Alamos):T. Springer (Los Alamos): macrohomogeneous
models
•• Y. Wang (Pennsylvania):Y. Wang (Pennsylvania): water transport  
•• M. M. EikerlingEikerling (Simon Fraser)(Simon Fraser)
•• A. A. KulikovskyKulikovsky ((JuelichJuelich):): Reactant transport and 
electrochemistry 

•• A. A. KornyshevKornyshev (Imperial College)(Imperial College)
• 2D and 3D CFD models (thermal, fluidics)
•• JJ--P. Diard, Y. Bultel (ENSEEG):P. Diard, Y. Bultel (ENSEEG): electrochemistry 
(electrical impedances)
•• G. DauphinG. Dauphin--TanguyTanguy ((LilleLille):): 0D-Bond Graph FC/system 
interaction modelling  

PtPt

NafionNafion®®

HH22OO
HH++
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Operation pointsOperation points

Polarization curvePolarization curve
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PEFC characterisation in the laboratoryPEFC characterisation in the laboratory

)(tI

V

)()()( tUtUtU ACcell −=

mµ100≈ mµ100≈ mµ105−≈

2OP2HPTI

Composition and structure  Composition and structure  
(C/Pt loading, etc)(C/Pt loading, etc)

Strong behaviour sensitivity to:Strong behaviour sensitivity to:

TimeTime

Transient techniques: cyclic Transient techniques: cyclic voltametryvoltametry , , LissajousLissajous , current steps, , current steps, 
Non Linear and Non Linear and Linear Electrochemical Impedance Spectroscopy (EIS)Linear Electrochemical Impedance Spectroscopy (EIS) ……

In In orderorder to to givegive more insightmore insight
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Electrochemical Impedance Spectroscopy (2/2)Electrochemical Impedance Spectroscopy (2/2)

[Franco [Franco andand
BerlandisBerlandis (2004)](2004)]

Ex. EIS Ex. EIS sensitivitysensitivity to nominal to nominal currentcurrent
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[Franco et al. (2004)][Franco et al. (2004)]

Analogy models (electrical circuits) (1/2)Analogy models (electrical circuits) (1/2)

•• No intrinsic dependence on current, reactant pressu res and No intrinsic dependence on current, reactant pressu res and 
temperature [Conway (1989)], [temperature [Conway (1989)], [ HitzHitz (2002)], (2002)], KornyshevKornyshev (1999)], (1999)], 
no direct link with the physical parameters.  no direct link with the physical parameters.  
•• No take into account of the volumetric electrode st ructure.No take into account of the volumetric electrode st ructure.
•• Different possible circuits for similar impedance r esponses. Different possible circuits for similar impedance r esponses. 
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Analogy models (electrical circuits) (2/2)Analogy models (electrical circuits) (2/2)

[[WalkiewiczWalkiewicz et al. (2001)]et al. (2001)]

Impedances: analytical expressionsImpedances: analytical expressions
from elementary phenomenafrom elementary phenomena
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Changing electrochemical reactionChanging electrochemical reaction

New analytical computingNew analytical computing
of impedance of impedance 

(sometimes impossible)(sometimes impossible)

•• Kinetic impedances no taking into account absence o f Kinetic impedances no taking into account absence o f 
supporting electrolyte in supporting electrolyte in NafionNafion ®®..
•• Static theory: local validity.Static theory: local validity.
•• Needs to recalculate impedances if changes or new Needs to recalculate impedances if changes or new 
couplings in reactions or transport (analytical exp ressions couplings in reactions or transport (analytical exp ressions 
not always possible): not reusable.not always possible): not reusable.
•• Difficult link with irreversible thermodynamics.Difficult link with irreversible thermodynamics.

•• Double layer capacity derived from an equilibrium Double layer capacity derived from an equilibrium 
theory [Chapman (1932)], [theory [Chapman (1932)], [ SchmicklerSchmickler (1985)], (1985)], 
[[AmokraneAmokrane (1996)].(1996)].
•• Statistical mechanics, MC, MD models.Statistical mechanics, MC, MD models.
•• Interface behaviour in presence of electrochemical Interface behaviour in presence of electrochemical 
reactions and in absence of supporting electrolyte ?reactions and in absence of supporting electrolyte ?
•• What is the meaning of « double layer » in the PEFC  What is the meaning of « double layer » in the PEFC  
electrode case? electrode case? 

One One speaksspeaks about an about an 
electrochemicalelectrochemical double layer double layer 

capacitycapacity uncoupleduncoupled fromfrom
electrochemicalelectrochemical reactionsreactions

impedancesimpedances ……
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Our research objectivesOur research objectives

�� Model centred on Model centred on electrochemical phenomena.electrochemical phenomena.

�� Model linking irreversible thermodynamics with electrical Model linking irreversible thermodynamics with electrical 

circuits theory, allowing circuits theory, allowing interdomaininterdomain couplings: portcouplings: port--based, based, 

hierarchicalhierarchical approach, approach, energetically consistentenergetically consistent in all in all 

participating  domains and at all relevant space and time participating  domains and at all relevant space and time 

scales.scales.

�� Dynamical modelDynamical model: transient regimes, physicochemical aging : transient regimes, physicochemical aging 

mechanisms, transient experiments interpretation mechanisms, transient experiments interpretation 

(diagnostics)…(diagnostics)…

�� Predictive modelPredictive model: sensitivity to working conditions (I,T,P) : sensitivity to working conditions (I,T,P) 

and constructor parameters (design).and constructor parameters (design).

�� Modular and Modular and modulablemodulable modelmodel: reusability into/with : reusability into/with 

another electrochemical contexts. another electrochemical contexts. 

Bond Graph  modelling seems to be the optimal approachBond Graph  modelling seems to be the optimal approach
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elementselements

EnergyEnergy --storingstoring
elementselements

PowerPower --conservingconserving
InterconnectionInterconnection

structurestructure

PortsPorts

BOND GRAPHBOND GRAPH

C, I, CIC, I, CI 0,1, TF, DTF, GY, SDS0,1, TF, DTF, GY, SDS

RR

Se, Se, SfSf or or otherother BGBG

Irreversible thermodynamics Irreversible thermodynamics 
and infiniteand infinite--dimensional Bond Graphsdimensional Bond Graphs

Only Only twotwo scalar potentials in our model : chemical potential s, electrostscalar potentials in our model : chemical potential s, electrost atic potentials. atic potentials. 

•• Representation of the power flux network type: constitutive andRepresentation of the power flux network type: constitutive and
conservation equations. conservation equations. 
•• This formalism allows to represent the complexity of This formalism allows to represent the complexity of 
interconnection of physical phenomena in agreement with the interconnection of physical phenomena in agreement with the 
axioms of non equilibrium thermodynamics.axioms of non equilibrium thermodynamics.
•• Feedback in model decisions.Feedback in model decisions.
•• «« InfiniteInfinite dimensionaldimensional »: extension of »: extension of classicalclassical 0D Bond 0D Bond GraphsGraphs
to continuum to continuum systemssystems [Maschke [Maschke andand van der van der SchaftSchaft (1995)].(1995)].

Unified formulation of Unified formulation of 
electrochemistry and its coupling electrochemistry and its coupling 
with transport phenomena in the with transport phenomena in the 
PEFC active layers.PEFC active layers.

MarkoffianMarkoffian systemsystem

FluxFlux EffortEffort

Balance equationBalance equation

Irreversible
thermodynamics

Franco et Franco et alal., in ., in ProceedingsProceedings ofof thethe 55thth MathmodMathmod conferenceconference , , ViennaVienna (2006).(2006).
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At the At the NANOscopicNANOscopic scale             scale             
the three phase boundary the three phase boundary 

doesn’t exist.doesn’t exist.

[[InabaInaba (1996)] [(1996)] [GerbauxGerbaux (1996)] (1996)] 
[[KornyshevKornyshev (1999)]  [Franco et al. (1999)]  [Franco et al. 
(2003(2003--2005)]2005)]

Volumetric electrode “real” structureVolumetric electrode “real” structure

20 nm20 nm

Phase Nafion®

Pore
(20-40 nm)

Pore
(40-300 nm)

Pore
(20-40 nm)

Pt/C
(20-40 nm)

Franco et Franco et alal., in ., in ProceedingsProceedings ofof thethe 33rdrd EuropeanEuropean
PEFC Forum, PEFC Forum, LuzernLuzern (2005).(2005).
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eCAr1

r2

Impregnated

Nafion®

Pt/C

Pore

HH22

ee--

HH++

Impregnated Nafion® Pore

Pt/C

NANOscopic interface

eCA

NANOscopic interface

mrr

nmr

µ1.0

4015
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1

≤−
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mµ105−≈

)/( 32 mmγ

Active surface per Active surface per 

volume unit of electrode volume unit of electrode 

((specific active areaspecific active area))

Volumetric electrode Volumetric electrode 
modelledmodelled structurestructure

•• Isothermal modelIsothermal model

•• Pure gases (HPure gases (H 22, O, O22))

•• Fully Fully vapourvapour saturated gasessaturated gases

•• Water transport not consideredWater transport not considered

•• Volumetric homogeneous Volumetric homogeneous 
electrode electrode 
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• Product between 
conjugated variables: 
power density
• Causality
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Phase Phase NafionNafion®®

Phase Pt/CPhase Pt/C

Phase PorePhase Pore
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0),0( == trφ Flux protonique donné par le modèle membrane

ProtonProton transport through the anodic electrode thicknesstransport through the anodic electrode thickness

ProtonicProtonic flux given by the membrane subflux given by the membrane sub--modelmodel
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InterfaceInterface

NafionNafion®® PhasePhase

Pore phasePore phase

Pt/C PhasePt/C Phase
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Cathode thicknessCathode thickness

Membrane thicknessMembrane thickness

Bond Graph modular
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NANOscaleNANOscale subsub--modelmodel

+H

2H
H2 H+

Assumptions: Assumptions: Isotropic Isotropic 

and homogeneous and homogeneous 

electrolyte structure (solid electrolyte structure (solid 

matrix), no matrix), no interprotonicinterprotonic

interaction, no interaction, no solvatationsolvatation, , 

no convection, punctual no convection, punctual 

species.species.

Pt/C phasePt/C phase

NafionNafion®® phasephase

Pore phasePore phase

somesome

nanometersnanometers

ANODE caseANODE case

Franco et Franco et alal., Journal ., Journal ofof thethe ElectrochemicalElectrochemical SocietySociety 156, 6 (2006).156, 6 (2006).
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NANOscopicNANOscopic
interfaceinterface

Diffusion/Migration coupling  for Diffusion/Migration coupling  for 
proton transport in proton transport in NafionNafion ®®

(no (no electroneutralityelectroneutrality //
no supporting electrolyte)no supporting electrolyte)

Dynamical electrochemical double Dynamical electrochemical double 
layer at the Pt/Clayer at the Pt/C --NafionNafion interface in interface in 
presence of electrochemical reactions.presence of electrochemical reactions.

Intermediates adsorption at Intermediates adsorption at 
the compact layer.the compact layer.

Compatibility between Compatibility between 
irreversible thermodynamicsirreversible thermodynamics
and Quantum Marcus’ theoryand Quantum Marcus’ theory

+
H

AnodeAnode CathodeCathode

ChargeCharge

−e
−e

2H 2O

Aψ

Aφ

Cψ

Cφ
+

H
+

H

NafionNafion ®®
Pt/CPt/C Pt/CPt/C

Electric potentialsElectric potentials
paradoxparadox

Strong couplingStrong coupling between EDL and Electrochemical Reactionsbetween EDL and Electrochemical Reactions

NANOscopicNANOscopic interfaceinterface

Franco A.A., Franco A.A., PhDPhD ThesisThesis UCBLUCBL --1, 2005LYO10239 (2005).1, 2005LYO10239 (2005).
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Concluding remarks (1/3)Concluding remarks (1/3)

�� Mechanistic modelMechanistic model of the of the electrochemical dynamicselectrochemical dynamics in a MEA of PEFC.in a MEA of PEFC.

�� ConsistentConsistent approach with irreversible thermodynamics and electrodynamics.approach with irreversible thermodynamics and electrodynamics.

�� MultiscaleMultiscale modelmodel ((very different geometrical scales are involved). very different geometrical scales are involved). 

�� Dynamical modelDynamical model: transient regimes, physicochemical aging mechanisms, : transient regimes, physicochemical aging mechanisms, 

transient experiments interpretation…transient experiments interpretation…working PEFC !working PEFC !

�� Predictive modelPredictive model: sensitivity to working conditions (I,T,P), morphology and : sensitivity to working conditions (I,T,P), morphology and 

composition of the electrodes (design).composition of the electrodes (design).

�� Possible to Possible to evaluate contributionsevaluate contributions of different layers (microscopic and of different layers (microscopic and 

nanoscopicnanoscopic) and physical phenomena (diagnostics).) and physical phenomena (diagnostics).

�� PortPort--based, based, hierarchicalhierarchical approach (infinite dimensional Bond Graphs): approach (infinite dimensional Bond Graphs): 

modularmodular and and modulablemodulable model (coupling with other/additional model (coupling with other/additional physicophysico--

chemical phenomena is possible).chemical phenomena is possible).

�� Reusable modelReusable model: possible to extend in other electrochemical contexts (Acid : possible to extend in other electrochemical contexts (Acid PbPb

and Liand Li--Ion batteries, SOFC…). Ion batteries, SOFC…). 

�� MEMEPHYS simulations in good qualitative agreement with experimeMEMEPHYS simulations in good qualitative agreement with experimental ntal 

results under different working conditions and electrode composiresults under different working conditions and electrode compositions.tions.
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AbAb --initioinitio (DFT, QMD…)(DFT, QMD…)
Molecular DynamicsMolecular Dynamics

Monte CarloMonte Carlo

MEMEPHYSMEMEPHYS
(irreversible thermodynamics/electrodynamics(irreversible thermodynamics/electrodynamics

on the basis of infiniteon the basis of infinite --dimensional Bond Graphs)dimensional Bond Graphs)

Experimental electrochemistry/Experimental electrochemistry/
electrified interfaces physicselectrified interfaces physics

Reactions parameters,Reactions parameters,
intermediates interaction intermediates interaction 

parameters, parameters, 
diffusion coefficients, diffusion coefficients, 

species electricalspecies electrical
interaction…   interaction…   

H. H. PitschPitsch ((StanfordStanford ))
E. Spohr (E. Spohr ( JuelichJuelich ))
W. Bessler (W. Bessler ( HeildelbergHeildelberg ))

V. Climent (Alicante)V. Climent (Alicante)

Concluding remarks (2/3)Concluding remarks (2/3)
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Concluding remarks (3/3): electrode aging modellingConcluding remarks (3/3): electrode aging modelling
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Contact: alejandro.franco@cea.fr
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