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Platine (reactions activations...)
MEA < Nafion ® (proton transport...)
Carbone (electron transport...)

Electrochemical

Strong non linear

MEA

DYNAMICAL
coupling
—
Mechanical

~ Optimization problem in an space of
- several tens of parameters, with
merit function being power density
~ obtained at given cost and lifetime.
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Hydrod ical
i, = air vae] " o, s =210

Accurate models are crucial in order to identify th e
origin of the performance losses of fuel cell electrodes
and to evaluate their thmnmits. Such mode Is
can help in the imp of the electrodes
(optimisation of Pt loading, diminution of fabricat ion
COStS).




ey Two kinds of PEFC modelling

—’ Enhanced design of materials, membrane and electrod es

Highly resolved structural models
and reliable ex -situ diagnostics

* V. Zhdanov (66terborg) (Monte Carlo)

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

( + H. Pitsch (Stanford): electrochemical reactions by Monte Carlo

- E. Spohr (Juelich): Proton and water transport by Molecular Dynamics

< * T. Jacob (Max Planck): electrochemical reactions by Molecular Dynamics
+ S. Paddison (Los Alamos): proton transport by Statistical Mechanics

Information on in -situ performance and help to envisage
how changes to the architecture of key materials co uld

affect PEFC performance

p
* T. Springer (Los Alamos): macrohomogeneous

models

< * Y. Wang (Pennsylvania): water transport

* M. Eikerling (Simon Fraser)

* A. Kulikovsky (Juelich): Reactant transport and

\_ electrochemistry
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p
+ A. Kornyshev (Imperial College)

- 2D and 3D CFD models (thermal, fluidics)

{ + J-P. Diard, Y. Bultel (ENSEEG): electrochemistry

(electrical impedances)
* 6. Dauphin-Tanguy (Lille): OD-Bond Graph FC/system

(_ interaction modelling

th 2006



—} Strong behaviour sensitivity to:

(o] T PH2

(C/Pt loading, etc)

_® Time

£y,

X ® Composit d structure

Transient techniques: cyclic  voltametry , Lissajous , current steps,
Non Linear and Linear Electrochemical Impedance Spectroscopy (EIS)
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U (1) =Uc()-U, (1) In order to give more insight
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ceny Electrochemical Impedance Spectroscopy (1/2) ! AGEP
i
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Electrochemical Impedance Spectroscopy (2/2)

L]
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( « No intrinsic dependence on current, reactant pressu res and )
temperature [Conway (1989)], [ Hitz (2002)], Kornyshev (1999)],

no direct link with the physical parameters.

* No take into account of the volumetric electrode st ructure.

« Different possible circuits for similar impedance r esponses. )

\_
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Impedances: analytical expressions

Changing electrochemical reaction

from elementary phenomena
R, 0 - O, +ne 0, +n,e” O - R,

- =

o 1 [Walkiewicz et al. (2001)] New analytical computing
“ e, N of impedance
Coct (sometimes impossible)
1 R, \

! Couche diffuss Couche compacte

— T— P
Rics Zgs _m_ Ricz Zo \
—— W\
d d
T One speaks about an
electrochemical double layer :
capacity uncoupled from m
_ 1 electrochemical reactions &
Ra= ' . j impedances ... 2
Jo 10, exp@yn, f17,) l_m :
/7' L tanh(\J7ar, )
v 7 = NG, s
,7 = E_Eth 02~ 2Ff 0*(1 J j . ‘vF' ' - adsorbé
a.,n, rfm - A% i :
2" 022 nszonz @ e Bk .

(Kinetic impedances no taking into account absence o
supporting electrolyte in  Nafion ©.

« Static theory: local validity.

* Needs to recalculate impedances if changes or new

couplings in reactions or transport (analytical exp
not always possible): not reusable.
QDifficuIt link with irreversible thermodynamics.

ressions

f )

( Double layer capacity derived from an equilibrium
theory [Chapman (1932)], [ Schmickler
[Amokrane (1996)].

» Statistical mechanics, MC, MD models.

* Interface behaviour in presence of electrochemical
reactions and in absence of supporting electrolyte

* What is the meaning of « double layer » in the PEFC

@ectrode case?

J

(1989)],

?

J




\/
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\/
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l Our research objectives |

Model centred on electrochemical phenomena.

Model linking irreversible thermodynamics with electrical
circuits theory, allowing interdomain couplings: port-based,
hierarchical approach, energetically consistent in all
participating domains and at all relevant space and time
scales.

Dynamical model: transient regimes, physicochemical aging
mechanisms, transient experiments interpretation
(diagnostics)...

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

and constructor parameters (design).
Modular _and modulable model: reusability into/with

another electrochemical contexts.

Iﬂ..r';;ﬂ

Bond Graph modelling seems to be the optimal approach



e Irreversible thermodynamics P
and infinite-dimensional Bond Graphs erbbrt

Franco et al., in Proceedings of the 5" Mathmod conference , Vienna (2006).

Balance equation

Resistive R 9C, =-[.J
BOND GRAPH elements " ot ¢
Irreversible
thermodynamics Flux , Effort
Ja - Lab Xb

Power -conserving
Interconnection
structure

b=1

Energy -storing
elements

Se, Sf or other BG

Markoffian system

C, I, CI O,l, TF, DTF, GY, SDS J, =J (X, :0)_,_2}1:(;3}? X, +% n 6)6(2‘;;(

b“*c

* Representation of the power flux network type: constitutive and

conservation equations.

* This formalism allows to represent the complexity of Unified formulation of
interconnection of physical phenomena in agreement with the electrochemistwd its coupling
axioms of non equilibrium thermodynamics. with transport phenomena in the
» Feedback in model decisions. PEFC active layers.

* « Infinite dimensional »: extension of classical 0D Bond Graphs
to continuum systems [Maschke and van der Schaft (1995)].

it atic potentials.
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° W 0 iﬂ-FI
cen) lVqume‘l'r'lc electrode “real s‘l'ruc‘l'ur'el LAGE P

t the NANOscopic scale
the three phase boundary
€ doesn't exist.

Charge

[Inaba (1996)] [Gerbaux (1996)]
[Kornyshev (1999)] [Franco et al.
(2003-2005)]

Pore
(20-40 nm)

Phase Nafion®

Pt/C
(20-40 nm)

Pore
(20-40 nm)

Pore .
(40-300 nm) Franco et al., in Proceedings of the 3 European ~ |
PEFC Forum, Luzern (2005).
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Active surface per
volume unit of electrode
(specific active area)

y(m2 /m3)

[P ] -
[re] <

(‘-’Isothermal model
* Pure gases (H ,, O,)

 Fully vapour saturated gases

* Volumetric homogeneous
electrode

» Water transport not considered

Impregnated
Nafion®

Pore

Volumetric electrode
modelled structure

Compact layer { ()¢

(70,0 o oomee ol
.0 . .Q‘..QHzo
.:°°.O°0 .\:|

)
:82’00.‘%

(7, .0) 090~00
..0 000 g.

ox:
(-}
piffuse tayer { 0 @@ ® 0000 9
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J

NANOscopic interface

1, =15—=40nm a‘

r,—1 <0.1um

=
Il
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Espéce intermédiaire

Hydrogen transport
through the anodic

uuuuuu

NANOscopic
Interface

cccccc

impregnated Nafion® layer

Pt/C Phase

JHZ(I",Z:eNI,t):JHZ(r,x:O,Z‘)

* Product between

Z
N

conjugated variables:
0 Sit
C (r,ZZO,t):sz p . y
i, i, *(Causality
I-) 0-
T
0
H2 + HZO Constitutive equation
Pu, = Pivone _psm(T)a Se' Lz =10.1) D
| oC. -——L0 i =J,
[ _D.J RT T,PI*i i
i Jrz=07%
Balance 01 (2 =00
equation ~ z=10
C Hirz.t) c Hirz.t) D'i'F W o i ' =V i R ne.
o _ il F —{ = 11 E — - i
ac, ot v, J, T ir.z.t T, (7, 2,63 RT

H;(p,T) = t;(T) + RT Ina,
Thermodynamic property

Ji(r.z = a5 8]

Porg  TTANO - transport




i(r=0,0)=1I(t)

Pt/C Phase

i(r=e.,,t)=0

cccccc

ction

Electron transport
through the anodic

electrode thickness

NANOscopic
Interface

- Nafion® Phase

o~

Pore phase

H, + H,0

[Pc:'rr. ; coup]jng:l

|

Wir,e) |5 - (r.2)

0 {

I

SEME

j: S - (r,0)

Coupling between scales

S (r,t)=J(r,0)y

r=10
- wir.t) Trw - er N
» L = | L= — | T8,
0 Vo (8 Sapge) DTF Hr i) /S g 1 Hr )/ S g R
P =y




de réaction

NANOscopic Souen
PT/C Phase Interface '

H,O
0
f
9 H, + H,0
2 2
Pore phase
¢(r =-0, t)=0 Protonic flux given by the membrane sub-model
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Fort : coupling

¢(V, t) ‘SH” (l",t)

-

W

= o N N R B M EE NN BN NN EE N MM N BN M RN M M EN BN M M EN N EE NN NN M NN N NN M N NN N N N M EN M EN BN EN N BN B N A

U@ -U g

? :

S, (r,t)y=J(r,0)y

Part : coupling /
i

g(r,t) || S, (r,0)

-

-

Proton transport through the
AME thickness

Anode thickness

Bond Graph modular
character

g —

[ .
iH+(r=eCAA?t)/SEME ¢(r =ecu,t) =
D V'=€cuy
¢ r,t qo -0 ¢
r r 1
-DTFx 1 ~R:—
U, (1H+/SEME) N T iH+(r=t)/SEME iH+(r>t)/SEME - 8u

________________________________________________________________

Se Lg(r=0,£)=0

Cathode thickness



=9 l NANOscale sub-model l i! AGEP

Franco et al., Journal of the Electrochemical Society 156, 6 (2006).

Pt/C phase

Nafion® phase

Intermediate
reaction specie

layer
Pore phase (7(r,t))
Assumptions: Isotropic some
and homogeneous nanometers
electrolyte structure (solid
. vt . ( . Diffuse
'matrlx'), no 1nterprot01}1c layer
interaction, no solvatation, (B0r, %,1))
no convection, punctual
species.
=0

Physical Multiscale Modelling of the Electrochemical Dynamics...Dr. Alejandro A. Franco April 5 t 2006
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=9 l NANOscopic interface l Inm

Franco A.A., PhD Thesis UCBL-1, 2005LY010239 (2005).

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

Intermediates adsorption at
the compact layer.

paradox NANOscopic

interface

Diffusion/vigration coupling for
transport in  Nafion ®
(no electroneutrality /

£<0

Métal lan Métal Atome
dans la solution dans |a solution

Strong coupling between EDL and Electrochemical Reactions

Physical Multiscale Modelling of the Electrochemical Dynamics...Dr. Alejandro A. Franco April 5 t 2006
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&SP

Diffusion

G%S _ CiD i
transport

Diffusion, migration

Proton _ CH+DH+
transport RT r.pi=p*
CFo 3’9 _ . :
' —(CH+ - CFIX) = EcpVcp —2¢_ Dx2¢ :
' Ecp t
. 0*A =
2 —
0. 4-vu 5 ~Ucpd -

~sgpd Balance equation
ot

=-0.J,

Conservation equations

_ oD

Diffuse layer sub-model

Fe

| armcn
l.l'l'\.'l"I.‘!‘

Absence of
supporting electrolyte

(

No
Electroneutrality

{

Coupling between

\_ migration and diffusion

Constitutive equations

Maxwell's theory

|
— - I — —

OxH-Fj . =221 H:UCD_lB as a port-
0t Hamiltonian system
aB. I [Maschke et van der

- = -1 2 Shaft (2004)] [Franco et

~O%XE =3 | E=&, D al. (2005)]

|
S _(r,t
J(r,t)=—= r.5)

Cy,(r,x=0,0)=C, (r,z=ey,t)

C,.(rx=0,0)=C_.(r,1)

,

A

Sy, (r,z=ey,t)=J, (r,x =O,t)}

~

,

A

S, (r)=yJ, .(rx= O,t)}

~




D'Alembert’s equation: boundary condition at x = L

Compact layer { ¢
(mir.0))

Diffuse laye {
(#0r, =80

Dipolar Krtesme Gauss' theorem
| layer \ , ] O (I" R ..t ) = electronic surface density
= x=L X
I—/
00(r,t)| Charge conservation o0(r,t)
- = = - i + L(r,x=Lt)=
J(r,t)=FJ . (r,x =L,t) % ot x = L J(r,t)+FJ . (r,x=L,t) ry
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Coupling between electrochemical reactions and dipolar adsorption

[Tafel N ( \

H2 + 2S > 2HS DamjallOViC 1 02 +H+ +€_ +5 o OZHS [Damjanovic et al.

‘ (1967)]
[Harrington et [Jacob et al.

Conway (1987)} Heyrovsky Ky +]—]2 o Hs+H +¢” Damjanovic 2 OZHS +H20 +25 o 30Hs (2004)]

[Franco et al.

- [Franco et al.
(2003-2005)] ) ) - - (2005.2005)]
\VOlmer Hs o s+H +e ) Q)am;anovnc 3 OHs+H +e o H,0 +j
- < No interaction 1=8 +0 +0 + é + é
1= es + eHs +0+0 between intermediates s 0, Hs OHs

— —afn(rt) _ (A=ay) fr(r.1)
Vi =k 07 Cy (r Lot) = k_p O, v, =k6,C, . (r,L,t)C, (r,L,t)e™ o (i

_ i v, =k 8, .0, 60—k 6
VHEY :kHEYgsCHz (r,L,t)e(l A ypy) (7 t) _k—HEYeHsCH+ (r,L,l‘)e Aypy JN(r.t) 2 2¥0,Hs ~ H,0"s -2~ OHs

— — = _an”(rat) R (1‘0’3 )f’7(”af)
Vyor = kVOLeHse(l g _k_VOLQSCH (r,L,t)e o f11) Vs k300HSCH+ (r,L,t)e k-39seHZOe

] ]

. e . max dH max
n™ de, Frumkin's Overpotential n oums _ . _ n" dByy, g

= "Vyor ¥ Vgy T2V, N dt 172 N dt
- nr,0) =@, -gr,x= L] ’

JH2 (7, x=L,t) = ~(Vpyp +Vigy)

Jo,(r,x =L, 1) =—vp,,

(Frumkin, Marcus, Bockris,
Franco) Sy (1 x=L,1) = _("ijl +"ij3) =~Jp, | F
Sy (7% = L,8) = Vyy Vo = JFar/F
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&0 How /] is linked to O ? ['_‘ e

1 . mrnaz: :,-— e
Reaction rates =iy Functions of [7(r.0)] |, |
) {.6 .m‘:!-h_u:_--x: T
Experimental: . ¥
Stern layer Benderskii (1982), ifuse ayer
A Climent (2002) (80,500
+8 '4 N\

Dipolar water layer: generates interface
discontinuity of electric potential

Espeéce intermédiaire

de réaction

Rayon = 0.12 nm

— “‘_4 _
Dipole = ‘ 4

Rayon = 0.14 nm

Depends on the thickness of
the water layer.

Depends on the dipolar nature of
the water layer.

Application of
) Gauss theorem .
A¢1 - d and Poisson A¢2 -
& cC integral

densi
Y (1)

Franco et al., 207" Meeting of the [Watts-Tobin (1961) ] ¢r.x=L,1)
Electrochemical Society , Quebec [Bockris (1977)] Adsorption
paper #1256 (2005). [Schmickler (1983)] Two-state dipolaire
[Conway (1992)]
[Franco et al. (2003)] model




- Chemical El : Interdipolar
ctrostatic
H,0+s o H,O-s  energy ~N, iy interaction energy

- z 0 2 . -
n - K =exp _AGC$ )0 $A,u3 n—n
RT RTe,. RTd’\n +i+n

"N » F=(p
=~ N n -
b= = "+h+i ~ - n—n x =147 +A'uz(9—5)
n n tn+n >_ -0 = kTe.. kTd’ Change of
é i i + n+n < AGY variables
_nmax_n*+ﬁ+ﬁ a:2e RT
Packaging type 1 Packaging type 2 J Packaging type 3 \
3 3 Transcendental
aSinh| X] - d” % kTd equation
n E. AU AW
+aCosh[ X ce
v6, +aCosHX X(0)
1 ! 1 |ag, = (o) _ pGi-n) __anO, MSini X (0)]
9 _1 1 1 2
TGy d W:[[;JJ:\/EZ,,/ 111547 [4 Z) 0 gCD gCD gCD




[Compac? layer as a modulated-variable

|aren
capacitance with 0 ki)

nar.0) =0¢ +4¢, = f(0)

1 dn
= State variable: electronic charge
CeclO) do surface density
C.(0)= 1 1
cc dn . d N a®,, ,ngHUCosh[X(0)] K
do £ £ )
«c & ( - Cosh[ X (0)]+a |a
’1s(:)172()
When ng towards 0 { A— aCosh| X (0)]

(full coverage with water molecules) 1,90
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Stern’s capacitance
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[BG representation of the anodic

&0 NANOscale model

Hio(r)  Modulated/variable
\ capacitance

o (70)
MC (nm/zﬁv:)(d;j/dt) 0
)

n(r,t)| 0og/ot S(r’t) Moy (7)) 2000 (5, 0) + V0 (7,8) = vy, (1,1)
12 x=0
- nie,t)
0

:R,éaCtion :UHZ(T,XZLJ)W,UHZ(?")C:(),t) Port -
a/\ i

e ‘ MICRO -H
4a Ju, (r,x=1L.1) hydrogéne Sy, (r,x =0,1) 2

JFar (7", t 2

N
3a

L(rx=Lo)| J,.(r,x=L,t)

n(r,0)| Jr,0 o(r,t)

x=L
i_ ¢(r,x=1L,1) Couche diffuse ¢(r,x =0,t)|Port :
J(rt) [x=L MICRO-H"*

Yr,t) | J(r,t)

Diffuse layer {
(#(r,5,4))

Port :
MICRO-¢e"

Coupling between scales




E

=9 [Anodic « hydrogen diffuse layer » BG]

Constitutive equation

3C |P-::-nf : F:E':actinn ] CD, 0 o=y
L==0J| Jrx=L0 RT PR
Balance ot
equation ~
Myl xt) H(r ozt Vo by falod
y.C= 0 DTF- =
ac, (3¢ V. J, - J,(r.x.8)
. . M, x=01)
Scale invariance

| Port :MICRO - transpory

|¢:umpam layer {
(7(r,2))

Coupling between scales

Diffuse layer {
(#r, 5,10

Cy,(r,x=0,0)=C, (r,z=ey,t)

.

Ju,(riz=ey,t)=J, (r,x =O,t)}

~

A
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=9 [ BG representation of the anodic NANOscale model ]i! ﬂ-"",.n—-‘—ﬂ,,__r

Hi0()  Modulated/variable
\ capacitance

Hv( )
M C (" /lel )(d:?;/dr

n(r,t) 60'/61 (I’ t) ,UHS(I” D) 2V (o) + vy (7,8) = vy, (7,0)
x =0
0

eactlo 'uHZ (r,x = LJ)W Hy, (r,x =0,2) |Port :

) MICRO -H
J gy (75t R Jz(r,x=L,t) fydrogéne Jy, (r,x =0,1) 2
nGr,0)| 1) =
r’ r,t U(I",t) _ _
e rx=L0)| J, . (r,x =L,t)

-x=0
i_ ¢(r,x =L,t) @;W- ¢(r,x =0,t)|Port :

J(rt) [x=1L an J(r.t) |MICRO-H'

x=0
wiri) | It
W, (rox = 0,0 J(r,)
L Port -
Port: MICRO - H*
MICRO - ¢~
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———————
JE———— -

-

L I ———

Pory s coupling
NANOWMICRO

= + ’ :05
J . (r,x=0,1) My (r,x 3

My, (1, x,1)

0='DTF

Anodic
« proton diffuse layer » BG

" Protonic transport
(diffusion/migration)

proton accumulation

J . (r,x,1) ,
FE(r,x, t)"
U (r,x=Lt)|J, .(r,x=L,t) ,!," I
H H o | Compact layer { ()
1 S i TFZFI I1 ey
-=7 FJH* (rx, )| E(r,x,1) : D
et | emaeiover | 00 Q. Q9 €8
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=9 [BG representation of the anodic NANOscopic model] | O con
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=9 M.E.M.E.PHYS. simulation algorithm ! AGEP

[Physico -chemical properties ]

Geometrical parameters
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Matlab/Simulink® and Femlab®
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e=9 Diagnostics (1/4)

Intermediate _— 4

reaction specie

009 Dipelar
oos| R adsorption
0.07 *\
\k*\
0.06| .
*
0.05 N

THETAH
Im[Z] (ohm)

1 \ ]
0 F—k
0.9 001 2 3 4 5 6 7 8 9
1(A)
0.8+
o7 1T =353K
< 06F —
= P,=1.5bar
E 05l THETADOWN
e THETAUP
0.4 e THETAS
THETA
0. Hs

[¢]

asrs o

I=02A

—— Sans couche diffuse protonique

—e— Avec couche diffuse protonique

_e- Sans couche diffuse protonique et
sans transport d'H2

f=39.07 Hz

b\

f=10% Hz

f=7543.12 Hz

/

/

f=790.6 Hz

./G -9 _

O

Py

f=175.75 Hz

f=790.6 Hz

f=1151.4 Hz

=sorny |1 =353K

P, =1.5bar

f=102H —

0.5

1

1.5
Re[Z] (ohm)

2.5
x 107

Water molecules parasite intermediate adsorption



asrs o

=9 Diagnostics (2/4)
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Constant proton concentration in the bulk because constant Cp ¢
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cen) Diagnostics (4/4) arsen
profiles _
Anodic models Cathodic
NANOmodel NANOmodel
Couche diffuse Couche compacte Couche diffuse Couche compacte
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Protons in the diffuse layer go up the electric potential ! (migration and diffusion forces: opposed)
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Experimental EIS sensitivity to

electrodes

composition
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=D l Concluding remarks (1/3) l In..r-_.r_u

Mechanistic model of the electrochemical dynamics in a MEA of PEFC.

Consistent approach with irreversible thermodynamics and electrodynamics.

Multiscale model (very different geometrical scales are involved).

Dynamical model: transient regimes, physicochemical aging mechanisms,
transient experiments interpretation...working PEFC !

Predictive model: sensitivity to working conditions (I,T,P), morphology and
composition of the electrodes (design).

Possible to evaluate contributions of different layers (microscopic and
nanoscopic) and physical phenomena (diagnostics).

Port-based, hierarchical approach (infinite dimensional Bond Graphs):
modular and modulable model (coupling with other/additional physico-
chemical phenomena is possible).

Reusable model: possible to extend in other electrochemical contexts (Acid Pb
and Li-Ion batteries, SOFC...).

MEMEPHYS simulations in good qualitative agreement with experimental
results under different working conditions and electrode compositions.



=9 l Concluding remarks (2/3) l i._ AGEP

H. Pitsch (Stanford )
L E. Spohr ( Juelich )
Ab-initio (DFT’ QMD) W. Bessler ( Heildelberg )
Molecular Dynamics
Monte Carlo

: 2

Reactions parameters,

intermediates interaction
MEM EPHYS parameters,
(irreversible thermodynamics/electrodynamics diffusion coefficients,
on the basis of infinite -dimensional Bond Graphs) species electrical
interaction...

: 2

Experimental electrochemistry/
electrified interfaces physics

V. Climent (Alicante)
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Concluding remarks (3/3): electrode aging modellingj .-
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