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Motivation and Goals

DECODE

First main goal of DECODE is to assess the relevance of
the degradation processes of polymer electrolyte fuel
cell based on the extensive analysis performed in
DECODE

Second goal is to identify and implement improvements
for fuel cell durability based on:

» Understanding of degradation processes
» Improved materials
» Improved operation conditions

Third goal is the development of prediction tool for
degradation based on modelling (different
modelling approaches)
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Interactions of Work Packages

DECODE
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|dentification and Ranking of CCM

Degradation Mechanisms

DECODE

Mechanism Importance
 Structural degradation

» Mechanical degradation ++++
of the membrane

» Loss of electrochemical +++
activity at the cathode

» Loss of “electrochemical O
activity” at the anode

* Chemical degradation 2

=9 CHALMERS #7 B JRC Solvay VOLVO
DLR
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Mechanical + Chemical Stress: Edge Fallure

Simple gasket design:

Membrane '

Catalyst layers

Degradation issues:
= Gas X-over on the edges leads to chemical degradation

®" Mechanical shear stress during dynamic operation (membrane
expansion/shrinkage)

=" Membrane exposed to GDL fiber puncture

Suitable edge/gasket designs will avoid these failure
modes
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Stabilized Aguivion™ Membrane

DECODE
; . o
Open Circuit Voltalge at 75 °C
Accelerated aging test for membranes
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Stabilized Aguivion™ Membrane

DECODE
Experimental MEA made by CEA using
unstabilized AQUIVION membrane
without edge protection (2009)

Experimental MEA made by CEA using
reinforced AQUIVION membrane
with edge protection (2010)
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Ageing of MEASs In single cell

DECODE
* Ageing test of DECODE CCB MEA (E87-05S + sub-gaskets) + Segmented-cell (DLR)

3 Constant load i = 676 mA.cm2

Counter-flow — 100/100%RH

Current density distribution:

Cell voltage at OCV, low and high
current densities

<2 average current density = 676 mA/cm?

conditions: counter-flow; single serpentine cell+segm. cell; 1500 mbar at cell
outlet; 80°C; RH 100/100%; stoich 1.7/2.0
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Dynamic Test of Membrane and Electrodes

Cell voltage (V)

Results with ELAT electrodes (SLX) — E87-05S edge protected

* Dry DECODE conditions

Cyclic test 130-A53 (EBT7-055 + GDE, edge protected)
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= Evidence of better mechanical stability with increased membrane

crystallinity & edge protection

Degradation Workshop, Thessaloniki, 21 September 2011

Page 10




Electrode Characterization

* TEM observations (CEA)

DECODE

»  Active layers degradation: after cycling and membrane damaged
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- Pt particles growth by
Ostwald ripening at air

outlet

=» C corrosion and massive
Pt dissolution + reduction in
AL or membrane at air inlet
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Characterization: Conductive AFM

Solexis E87-05S
Comparison baseline after 24 h and after 20000 h stationary Operation
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|dentification and Ranking of GDL

Degradation Mechanisms

DECODE

Mechanism Importance
* Chemical degradation ++++
» Loss of hydrophobicity ++++

» Carbon / structure corrosion +++

 Structural degradation

» Change in (gas phase) Observed, but influence on
transport parameters performance limited

» Change in wetting behaviour
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Chemical Degradation of Electrodes and GDL
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» Partial decomposition of PTFE identified by XPS
» PTFE decomposition mainly on the anode

- Decrease of hydrophobicity

- Changed water balance

- Reversible loss of performance
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Chemical Degradation - Carbon Corrosion

» Carbon corrosion could be detecte

* No fluoride was found -> No PTFE
decomposition for this chemical
degradation experiment

» Mass loss study for quantification

C h e m ical re aCti O nS . (a) The washing flask before carbon corrosion (b) The washing ﬂsk after carbon corrosion

experimen t for GDL 25BC Std. experiment for GDL 25BC Std.
C + 2 H 202 C02 _I_ 2 H 20 Table 4.8: Mass losses of GDL samples after ageing processes.

Ca (O H )2 + C02 - CaC03 + H 20 GDL sample Mass loss after ageing (%  Mass loss after ageing

of new sample) (mg/mg)
25BC Std samples from original e 0 /1495
CaC03 +H 2C03 —> Ca( H CO3 ) 2 artificial ageing process 64674 92/1425-108/1450
265BC l’god. sampl.es from original 405742 50/ 1457-108/1455
artificial ageing process : '
25BA samples from carbon ) ~
| N D E C O D E COITOSION eXperiments 4.36-6.67 24/550-46/688
. 25BC Std samples from carbon 2.29-3.01 18/531-11/281
Comparison of naturally aged and corrosion experiments o

artifically aged GDLSs!
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Hydrohead Measurements for Testing

Hydrophobicity
DECODE
Ap
GDL type (mbar)
Fill level —» 86.3
e Sample holder New GDL 25BC 3.0
Z Naturally aged GDL 70.1 £
L 25BC for 1000h 6.2
g Artificially aged GDL 76.2 +
25BC for 24h in H,0, 4.8
il . 78.9 +
ater drops Modified new GDL 25BC 5 3
AP = Pguig - 9-h '
Modified artificially aged
Other Characterization methods: GDL 25BC for 24h in 9.4 %
« Mercury porosimetry H.0 2.1
« Capillary flow porosimetry 22
« EDX mappings New GDL 25BA 15.7 £
« Contact angle 1.2
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IR Spectroscopy

Inhomogenity In the Intensity of the C-F Vibration

DECODE

MPL side
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- Standard aged
Advanced
Advanced aged
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Recommendation: Improve homogeneity of hydrophobic agent distribution
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In Situ Single Cell Tests (SGL)

Comparison of different materials and ageing methods at 70°C and 120% humidity

e T T T T T T T T 800
Artificial and natural ageing
4 -700
0.9 _
\;x -|600
0.8 \ i
—#%—Stack 1000h 1900
> 25BC modified E
e L —©—25BC modified 24h art. aged in H202 . =
& 07 —&—25BC STD 400 %
>° 25BC STD 7h art. aged in H202 g
(=
1300 O-
0.6 . 7
y
-200
05 B a’ _|
/ <100
#
v
OAJ' | | | | | | ! 0
0 200 400 600 800 1000 1200 1400 1600 1800
Current Density [mAfcmz]
Degradation Workshop, Thessaloniki, 21 September 2011 Page 18

DECODE




Short Stack Long Term Test —

Temperature Cycling Test
DECODE 25— Voltage time chart over 700 h
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Very low degradation of cells with modified GDLs compared to cells with

standard GDLs




|dentification and Ranking of

Bipolar Plate Degradation Mechanisms

DECODE

Mechanism Importance

* Contamination of the lonomer from  ++++
external sources via port region

* Change of contact resistance t+++

* Water accumulation in areas of low ++
flow and low pressure difference

* Potential MEA contamination from +
the plates

* Release of silicon from the seal 2
material

ek 54y sarcr-Aln| o s s_sw

C&] /\ # [ = 4
g hﬁum C‘OjMMRlssg VOLVO :@' I A "-\




Corrosion products

Corrosion products: nickel, iron, chromium

degradation products (composite)
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Stack DECODE 19 with pipolar plates of Composite
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968 ppm

degradation products (AISI316L)

metallic cations in MEA
Stack DECODE 15 with bipolar plates of AISI316L

ONi
OFe

Nl mer

Fe

MEA1 MEA2 MEA3 MEA4 MEAS

Total sum of metallic cations in the stack

1172 ppm

comparable metallic contamination of both materials — can this be possible?




Distribution of contaminants

peaks are allocated to the coolant inlet and coolant outlet region

Fe-allocation in MEA3 - - I\ Cathode inlet Anode inlet
DECODE 19 - \
[ | P
Cooling
tlet I 7 8 9 losed
4 5 6

W 600-700
[ 500-600 q 2 3 Cooling
W 400-500 losed inlet
0so0400 | WA\ W 0
[1200-300
1 100-200
@o100 | N == anodeoutlet Cathode outlet

direct contact of the ionomer to the medias trough the port cut-outs

|

design proposal elaborated to avoid
this contamination

Degradation Workshop, Thessaloniki, 21 September 2011 Page 22




DECODE - Stack Contaminations

DECODE

Contamination of the ionomer from external sources via port
region

e Step one introduce Solvicore 5 Layer MEA (Membrane
Solexis, Catalyst, Sub gasket, Membrane extended to the
edge of the bipolar plate

* Step two change of MEA design to lonomer free Sub gasket,
Port area

- - Autobrane Membrane:
N Membrane Type: Solexis
@ e Catalyst loading: 77

SGL GDL 25 BC New??
< o O
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Stack Tests with Improved Stack Design

Durability run of DECODE WP6 Stacks @ 600 mA/cm?

* Durability run with AISI316L blank
and new MEA with old configuration —

o
o

=
i

. . T . at DANA
T e - < Durability run with AISI316L blank
05 ' . : = and new MEA with new configuration
— at DANA

Average Cell Voltage in V
o o
w =

°* Durability run with conductive coating
and new MEA configuration

o
[N]

+ DECODE 21 + DECODE 22 —

0,1 4+ _ _ - . . g
AISI316L and Solvicore at DANA AISI316L and Solvicore at DANA Du rabl I Ity ru n Wlth mOdIerd
+ DECODE 23 DECODE 24
AlS| 316L with Coating and Solvicore at ZSW AlSI316L with partial coating and Solvicore at DANA H H H
00 . | ‘ . | . . conductive coating, new MEA design
0 100 200 300 400 500 600 700 800 900 1000

and further developed conditions

Timeinh

Conclusions of WP6 durability runs:

« Comparable behavior between new and old MEA configuration
* Higher cell voltage with conductive coating, irregular cell behavior

» Modified coating and further developed conditions with excellent performance results
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Contaminations in MEA

Corrosion products: nickel, iron, chromium

DECODE 24 (AISI316L bipolar plates DECODE 15 (AISI316L bipolar plates)

with organic coating, new MEA
Design and new operating conditions)

60uV/h
OuV/h

Kationenkonzentration in MEAs aus DECODE 24 metallic cations in MEA
Stack DECODE 15 with bipolar plates of AISI316L
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E 300 0
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g 20 oFe| 50
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; 200 )0
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Modelling and Lifetime Prediction

-~ JDE

Using MEMEPhys® simulation package to optimize PEMFC components

O MEMEPhys® (developed at CEA since 2002): bottom-up multiscale simulation platform
of the electrochemical generators, scaling up ab inifio data into an irreversible
thermodynamics framework, accounting, within a continuum approach, for:

+ the mechanisms in the components (e.g. electrodes) at spatial nano, micro, meso
and macroscale (elementary kinetics, transport)

+ the intrinsic materials aging and couplings between aging mechanisms

Description of the feedback
between performance and aging:

DURABILITY PREDICTION
{unigue in literature)

—
e — Coupled no aging
: I > / phenomena
£ T —> i
5 == instantaneous U, )
a Py P
2 | RHy RH™P;
[=3 Seeesssenaiiigeniiinnnpiitinnniinald
o

instantaneous local operating instantaneous
conditions nano-micro-structure

= o )
% s
’ 3 v - - v
o X
Ly " . -y
Water (electro-osmosis ¢ 1 e <
diffusion) + charge transport ¢ N e Coupled aging
crossover (O, 4H,+N,) 3 " phenomena
wo |« 9 o 2 . " | R m—p Instantaneous cumulative
s i vva materials losses
o
»

=AM Franco, “Degradation modeling and analysis”, book chapter in:
Soistioitadsatnd BEL Fundarmental Science and Engineering of PEMFC and OMFC, C. Hartnig & C.
water+reactants +charge v o Roth Eds., Woodhead Publisher, Cambridge (UK), in press (2011).

A ) e e « 4.4 Franco et al , J. Electrockem. Soc. 153 (6] A1053 (2006).
(Stetan-Maxwell) Munrlp:<~\pvv;:l!\9ﬂ4‘0 = 4.4 Franco et al, Fuel Cells, 7 (2) 99 ({2007).
DECODE Final Meeting March 237, 201 I T =AM Franco etal, ). Electrochem. Soc, 155 (4) B367 (2008).
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Modelling and Lifetime Prediction

DECODE

Simulation example: decreasing wy,/V,, . to reduce reversible and

irreversible performance degradation
=» The model suggests that a decrease of Pt loading per unit of pore volume mitigates both reversible
and irreversible potential decay. Reasons: less water flooding, less Pt dissolution and C corrosion.

900
850 = —
800 +—= e
750 — A
o 700 4-R—ds et : : A
> B 5 g% : e ot o
€ 650 | R : f
> 600 4~ ‘ -
550 4 : - : ]
500 4— : :
:gg ‘ : . High Wpt/Vn I ,
0 100 200 300 400
t (h)
=» Better CL meso-
structuration = less
reversible and irreversible
g - performance degradation
8(1) T :é“ e === -~ - =
750 4—i— e
=700 +—s— — e e e
2650 | A % e
5500 Fé z e
550 L:: — :
450 1= . Low Wgth ]
400 . : .
0 50 100 150 200 250 300
t (h)
Page #1




Modelling activities and results

Membrane and Electrodes:
» Multiscale elementary kinetics simulation with coupling to
microscopical structure

Porous media:
Molecular Dynamics
Lattice Boltzmann
Monte-Carlo
Performance modelling

Bipolar Plates:
* CFD

* Movement of droplets by
VOF (volume of fluid)
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* Improvement achieved by materials:
» Reinforced membrane with higher crystalinity
» Modified gas diffusion layer

* Improvement achieved by design:
» Edge protection of membrane
» Blocking of external contermination by new sealing concept
4

* Improvement achieved by operation conditions:
» Avoiding liquid water phase

» Excursion to open circuit conditions to recover reversible voltage
losses

* Different models with life time prediction capability
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DECODE
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AFM Analysis of Solexis E87-05S, 20000 h

\.outer side

Cathode side 7 inner side
/—\/_\A\/
Anode side inner side
A outer side

Division of membrane in 2 layers of 15 ym
after storage in water

Overall high density of
| particles with small phase
shift: probably no Pt

Il

Platinum particles with high
phase shift and high DMT
modulus (~elasticity) at inner

d b
9% 1 rm 00

7: DMTModulus

-367.6 MPa|

side of anode with mean Height profile 40 nm
. A | > |
diameter of 21 nm : 2N ZQ”T

(11 nm - 44 nm)
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