
M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t

Macroscopic modelling of degradation
phenomena in fuel cells

Andrei Kulikovsky

Research Centre Juelich
Institute of Energy and Climate Research, IEK-3

2nd European Summer School, Iraklion, September 2012



Institute of Energy and Climate Research (IEK-3) 1

Outline

• Introduction 

• Poisoning wave along the feed channel

• Carbon corrosion in PEM fuel cells

• Ruthenium corrosion in DMFCs

• Poisoning wave in the catalyst layer: Cr deposition 
in SOFC

• Conclusions
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What is wrong with our cells?

Key aging problems are in catalyst layers 
(agglomeration, dissolution, corrosion etc)



Institute of Energy and Climate Research (IEK-3) 3

General aging models?

Can we develop general models of cell aging,
not specifying microscopic mechanisms?

Yes, we can!
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Quasi-2D cell modeling 
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In the MEA, the dominant transport 
is through-plane; in the channels, it 
is along the channel.

Quasi-2D models.
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Quasi-2D equations 
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Model and experiment of Kućernak’s  group
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Suppose that there exists a critical current  density
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The length of the domain subject to 
degradation is obtained from 

( )w w critj z l j+ =
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Equation of wave motion
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This is an equation of degradation wave motion. 
Tau_d is the characteristic time of degradation, 
determined by the microscopic nature of the 
degradation. 

Just a simple algebra…
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The law of wave motion

1 exp ln( )expwz a a té ù= - -ë û
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Degradation wave: overpotential
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Cathode overpotential vs. time
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PEFC lifetime experiment from PSI
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PEFC flooding (ZSW and Fraunhofer ISE)

Scholta, Lehnert, 
Grünerbel, Jörissen

Air inlet

Outlet
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Some lessons

It seems that fuel cell never dies uniformly: some 
areas are more stressed and they die first. Then, the 
“stressing spot” shifts to a new position and it starts 
killing a new domain. In the stack, the process is 
facilitated by the fixed total current.

Stressing factors: (i) high local current, (ii) high local 
temperature, (iii) high local overpotential. These 
factors induce numerous microscopic aging 
processes.  

We could imagine radial waves propagating from the 
circular spot, or 2D waves. However, the mechanism 
of propagation remains the same.
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C.A.Reiser, L.Bregoli, T.W.Patterson, J.S.Yi, J.D.Yang, 
M.L.Perry, T.D.Jarvi. ESSL 8  (2005) A273

Anode inlet Anode outlet

Cell “reversal”
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Carbon corrosion in PEM fuel cells

Experiment
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Membrane potential
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Membrane potential
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What is epsilon?
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Thus, at leading order we can set 
epsilon = 0 and the Poisson equation

simplifies to

a cj j=

2D Laplace equation is reduced to a 
much simpler algebraic equation! 

For j^a and j^c we can write Butler-
Volmer-like equations. For concen-
trations we take a step function.
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Currents
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An example: HOR current
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(Crude approximation for HOR…) 
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Concentrations and currents 
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More currents
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zero; however, they are not. Peak 
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interface. 
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Very similar to the previous case; 
however, the gradients are smaller.  
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Currents
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Experiment: T.W.Patterson, R.M.Darling, ESSL 9 (2006) A183
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N/R interface: Virtual fuel cell 

A.A.Kulikovsky J. Electrochem. Soc. (2011)
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N/R interface: proton trajectory

cathode

anode
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How could we block reversal? 

• Simple solution is to apply external potential to the cell; 
this is what companies are doing.

• More exotic solution is the membrane with anisotropic 
conductivity. If proton conductivity along the y—axis is 
small, the virtual fuel cell cannot form and no reversal 
could happen.
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DMFC with methanol starvation
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Methanol starvation: Environment for Ru corrosion
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The effect of depleted domain length

Fraction of methanol-depleted domain
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Degradation wave in the catalyst layer
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Current conversion with transport loss
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Polarization curves
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Cr poisoning of the CCL in SOFC
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Degradation wave 
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ORR/poisoning peak shifts toward the GDL 
and a new domain is subject to aging.
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Auxiliary problem: Performance of partially degraded CL

Note a small residual conversion activity 
of the poisoned domain (inset).
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DW in the CL: Cr poisoning of SOFC cathode

A.A.Kulikovsky, J. Electrochem. Soc. 158 (2011) B253.

Cathode polarization voltage vs. time 
for different cell currents, model
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DW in the CL: Cr poisoning of SOFC cathode

A.A.Kulikovsky, J. Electrochem. Soc. 158 (2011) B253.
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Why?

A.A.Kulikovsky, J. Electrochem. Soc. 158 (2011) B253.
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CL works almost as bad as fully poisoned.
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Cr distribution in the FL 

J.A.Schuler, P.Tanasini, A.Hessler-Wyser, 
C.Comninellis, J. Van herle
EleComm, 12 (2010) 1682–1685
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Experimental cell voltage vs. time (A.Schuler and 
J. van Herle, Lausanne Univ.)
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To prevent fast Cr deposition, the ionic 
conductivity of the FL should be large. 
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Conclusions

• Macroscopic equations suggest the general 
scenarios of cell performance degradation

• Fuel cell never die uniformly. Some domains of the 
cell are stressed more and they die first. This simple 
idea leads to various aging waves in cells. 

• In a stack environment, more degradation waves 
are possible…
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