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Fraunhofer-Gesellschaft – Leading Applied Research Organization
76 Institutes – 30.000 staff – € 3 billion revenue

Bridging the gap between conceptual research to commercialization along the innovation value chain.
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Our Mission in Our Department Fuel Cell

Understanding Fuel Cell Membrane Electrode 
Assemblies (MEAs)
—
Key Performance Indicators 2025:
 45 researchers plus students
 9.4 Mio. € annual budget (w/o investments) 
 19% direct revenue by industry contract research
 > 500 m² laboratory area with 13 single cell test 

stations, 5 short stack test stations including 
temperature chamber (all fully automated for 24/7 
operation)
 Focus on transport application

Assisting Global Industry with Scientifically Sound Services
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In-situ Characterization Ex-situ Analytics

Modelling
Production 
Research

https://www.ise.fraunhofer.de/en/rd-infrastructure/center/center-for-fuel-cells-electrolysis-and-synthetic-fuel.html#cop97298897_794300985
https://www.ise.fraunhofer.de/en/rd-infrastructure/center/center-for-fuel-cells-electrolysis-and-synthetic-fuel.html#cop97298897_794300985
https://www.ise.fraunhofer.de/en/rd-infrastructure/center/center-for-fuel-cells-electrolysis-and-synthetic-fuel.html#cop97298897_794300985
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Fuel Cell Modeling Team
Main Topics

System level

 Design and optimization CCM production

AI / Machine Learning Cell level

 Self developed codes
(Python)

 Commercial CFD code
          (FireM)

 Local effects

Electrode level

 Self developed codes,
focus: Python

 Structure, performance
degra-
dation,
transport
processes 
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Motivation
Aim of the model framework

 Improving prediction capability 
 by accounting for local effects close 

to the active Pt sites

7

 BUT
 without increasing too much computational efforts
 Integration into 3D-CFD code is essential  

 Besides performance, degradation 
modeling is of interest 
 Adaption on existing degradation model 

based on particle size distribution (PSD) 

Schneider et al., JES. 166, (4), F322-F333, 2019
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Matrix of Pt/C/ionomer 

 Platinum supported on carbon 
particles
 Ionomer covers Pt particles
 Secondary pores between 

agglomerates

8
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Matrix of Pt/C/ionomer 

 Platinum supported on carbon 
particles
 Ionomer covers Pt particles
 Secondary pores between 

agglomerates

Limiting processes

 Low ORR kinetics
 High mass transport limitations 
 High humidity-dependence of 

proton conductivity and Pt 
accessibility

9
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature

 Kinetics is Pt particle-size 
dependent
 ORR activity 
 Oxide formation 
 Pt dissolution

Needs for ‚realistic‘ CL model

 Distinguish between Pt particle 
sizes  PSD (particle size 
distribution)
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Shao et al., Nano Letters, 
11, 3714-3719, (2011)

Ahluwalia et al., JES, 160 (4) 
F447-F455 (2013)

Sandbeck et al., ACS Catal., 
10, 11, 6281-6290, (2020)

Some 
examples
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature

 Carbon support has high impact
 BET, Pt dispersion, Pt location, 

RH-dependent Pt utilization

Needs for ‚realistic‘ CL model

 Distinguish between particle sizes 
 PSD (particle size distribution)
 Distinguish between particle 

location  Ptinner/Ptouter
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Padgett et al., J. Electrochem. 
Soc. 165 F173, (2018)

Ptinner & Ptouter

Kobayashi et al, ACS Appl. Energy 
Mater, 5, 316-329, (2022)

Proton accessibility
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature

 High mass tansport resistance at 
low Pt-loading

Needs for ‚realistic‘ CL model

 Distinguish between particle sizes 
 PSD (particle size distribution)
 Distinguish between particle 

location  Ptinner/Ptouter

 Include local transport processes 
near Pt particle 
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Mass transport limitations

Schuler et al, JES, 166, F3020, (2019)

molecure dynamics simulation show 
high compactness of ionomer thinfilm

Compact ionomer layer close to Pt

Jinnouchi et al, Electrochimica 
Acta, 188, 767, (2016)
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature

 Active sites blockage by ionomer 
side chains

Needs for ‚realistic‘ CL model

 Distinguish between particle sizes 
 PSD (particle size distribution)
 Distinguish between particle 

location  Ptinner/Ptouter

 Include local transport processes 
near Pt particle 
 Include Pt coverage (poisoning) 

by SO3
-
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Adsorption of SO3
- groups 

blocks up to 3 active sites

Garrick et al., JES, 164 (2), F60-
F64 (2017)
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Pt-poisoning

Kodama et al., ACS Catal., 
8, 1, 694–700, (2018)

RH-dependent adsorption strength
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Development of a 1D cathode catalyst layer
What is needed for a predictive cathode model? 

Combine macro-homogeneous CL model with 
processes on the nano-structure via sink/source 
terms

 Besides the through-plane transport of 
oxygen and protons, local processes near the 
Pt particle need to be addressed
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Development of a 1D cathode catalyst layer
What is needed for a predictive cathode model? 

Combine macro-homogeneous CL model with 
processes on the nano-structure via sink/source 
terms

 Besides the through-plane transport of 
oxygen and protons, local processes near the 
Pt particle need to be addressed

Pt/C structure

 Pt particles of different size (rPt,i)  discrete PSD

 Carbon particle carries Pt particles

 on the surface: Ptouter

 in primary pores of different size (dpore,j): Ptinner

 Ionomer is not able to penetrate pores with 
diameter < 8nm
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Development of a 1D cathode catalyst layer
Impact of Pt/C-Classification, Ionomer poisoning, size-dependent specific activity

 Pt-Classification in particle 
size and support position 
(Ptinner, Ptouter)
 C-Classification in high & 

low surface area carbon

 Ionomer poisoning of 
Ptouter which is in contact 
with ionomer and can be 
poisoned/blocked by SO3

-

group of side chain
 Simplified Langmuir 

competitive adsorption 
model is used, where one 
adsorbate blocks 3 Pt sites

LSAC

HSAC

Simulating potential dependent Pt-coverages

with equilibrium constant

expressed as RH & potential – dependent Tafel 
expression
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Development of a 1D cathode catalyst layer
Impact of Pt/C-Classification, Ionomer poisoning, size-dependent specific activity

 Pt-Classification in particle 
size and support position 
(Ptinner, Ptouter)
 C-Classification in high & 

low surface area carbon

 Ionomer poisoning of 
Ptouter which is in contact 
with ionomer and can be 
poisoned/blocked by SO3

-

group of side chain
 Simplified Langmuir 

competitive adsorption 
model is used, where one 
adsorbate blocks 3 Pt sites

 Pt-size dependent 
specific activity
 Fitted with data from  

Shao et al. (2011): Nano 
letters 11 (9), S. 3714–
3719
 Mass activity vs size results 

automatically for a fixed 
PSD

Simulation result
 Support-type dependent 

mass activity shows
 Lower values for Vulcan 

due to the ionomer 
poisoning
 Good agreement with 

measured data of 
Padgett et al. (2018)

LSAC

HSAC
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Development of a 1D cathode catalyst layer
Impact of Pt/C-Classification on oxygen diffusion through ionomer thin-film and into pore

 Diffusion to Ptouter is 
hindered by ionomer which 
can form a compact layer 
close to Pt particle
 Cross-section for diffusion: 

hemisphere of ionomer over 
Pt particle

 Diffusion to Ptinner is 
additionally hindered by 
water in the pore, but water 
is essential to activate Pt
 Cross-section for diffusion: 

circle with diamter of 
primary pore

𝑑𝑑𝑝𝑝  ≤  𝑑𝑑𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
−4 𝛾𝛾 𝑉𝑉𝐻𝐻2𝑂𝑂

)𝑅𝑅 𝑇𝑇 l n(𝑅𝑅𝑅𝑅
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Experimental data from 
Kobayashi et al 2022 ACS Appl. 
Energy Mater, 5, 316-329

Development of a 1D cathode catalyst layer
Our approach in a nutshell : Proton accessibility via ionomer and water 

 Capillary condensation 
equation defines the pore 
that are flooded depending 
on its pore size

𝑑𝑑𝑝𝑝  ≤  𝑑𝑑𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
−4 𝛾𝛾 𝑉𝑉𝐻𝐻2𝑂𝑂

)𝑅𝑅 𝑇𝑇 l n(𝑅𝑅𝑅𝑅

 Pt in water-free pores are 
inactive (not accessible by 
protons) or limited in 
activity due to high ohmic 
losses for the proton 
transport

LSACHSAC

Simulation result
 RH-dependent Pt utilzation can 

be modelled for different C-
support type
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Validation of mass transport parameters
Fitting limiting current density measurements  extract pressure independent mass transport resistance

Investigation of different CCMs

 Change in Pt loading
 Change in support type (HSAC vs 

MSAC)
 Change in Pt loading @ constant 

CL thickness

Variation leads to different

 Pt area (roughness factor)
 Diffusion path (compressed thin-

film vs thin-film + pore)
 Diffusion in secondary pores

20
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Data published in: Schneider et al 2023 J. Electrochem. Soc. 170 024506

MSAC
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Simulation result
 Mass transport resistance 

can be modelled for 
different C-support type, 
Pt/C wt% & Pt-loading

Validation of mass transport parameters
Fitting limiting current density measurements  extract pressure independent mass transport resistance

Investigation of different CCMs

 Change in Pt loading
 Change in support type (LSAC vs 

MSAC)
 Change in Pt loading @ constant 

CL thickness

Variation leads to different

 Pt area (roughness factor)
 Diffusion path (compressed thin-

film vs thin-film + pore)
 Diffusion in secondary pores

21
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Strongest increase for LSAC 
due to thinfilm densification

MSAC
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Simulation result
 Mass transport resistance 

break down
 GDL
 MPL
 CL
 Pressure in-/dependent 

resistance

Validation of mass transport parameters
Fitting limiting current density measurements  extract pressure independent mass transport resistance

Investigation of different CCMs

 Change in Pt loading
 Change in support type (LSAC vs 

MSAC)
 Change in Pt loading @ constant 

CL thickness

Variation leads to different

 Pt area (roughness factor)
 Diffusion path (compressed thin-

film vs thin-film + pore)
 Diffusion in secondary pores
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MSAC catalyst with properties

 Ptinner / Ptouter = 38% / 62%

 Loading = 0.41mg/cm2, 

 ECSA = 48 cm2/gPt

1D-Simulation of polarization curve
Example: CCM 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.41

Loss breakdown
 Proton conductivity in CL
 and HFR
has strongest impact

Distinction between current 
generation of Ptinner & Ptouter
 Ptinner bends back at lower 

potential  operates closer to 
limiting current 

Through-plane transport of O2 and H+ are 
coupled with local processes near Pt particle
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Catalyst with properties

1D-Simulation of polarization curve
Example: CCM 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.41  & 𝑃𝑃𝑃𝑃𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆0.1

Loss breakdown
 High local mass transport 

issue for low loaded CCMs

MSAC LSAC

Ptinner / Ptouter [%] 38/62 13/87

Loading [mg/cm2] 0.41 0.1

ECSA [cm2/gPt] 48 23

LSACMSAC
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MSAC catalyst with properties

 Ptinner / Ptouter = 38% / 62% 

 Loading = 0.1mg/cm2, 

 ECSA = 48 cm2/gPt

1D-Simulation of polarization curve
Example: CCM 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.41

Impact of thinfilm compactness factor
 Higher diffusivity due to less 

compactness leads to higher limiting 
currents 

 Normalized current density shows 
the high activity of Ptinner due to less 
poisoning
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MSAC catalyst with properties

 Ptinner / Ptouter = 38% / 62% 

 Loading = 0.1mg/cm2, 

 ECSA = 48 cm2/gPt

1D-Simulation of polarization curve
Example: CCM 𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀0.41

Bending-back phenomena
 Local current generation in CL 

shows that Ptinner operates closer to 
limiting current than Ptouter
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Impact of catalyst layer degradation on performance
Pt-redistribution via Ostwald ripening

Comparison of ‚fresh‘ vs ‚degraded‘ CCM

 Solely PSD is changed  no model 
parameter! 

27

ECSA = 48 m2/gPt 30 m2/gPt
rmean

inner = 1.63 nm  2.14 nm
rmean

outer = 2.49 nm  3.86 nm
Fraction Ptinner = 38 %  8 %

 Degraded CCM shows steeper drop in 
polarization curve in activation region
 Similar slope in ohmic region
 Lower limiting current

 The increase of normalized 
current density of the 
degraded CCM shows that 
the CL always suffers from 
mass transport (H+ & O2) 
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Conclusion

 Cathode catalyst layer model developed
 Based on PSD
 Classification of Ptinner/Ptouter

 Ionomer poisoning of Ptouter by simplified 
Langmuir competitive adsorption model
 Local mass transport processes close to Pt 

particle
 Fickian Diffusion of O2 through (compact) 

ionomer thin-film
 Fickian Diffusion of O2 through primary 

pore (free or flooded)
 Proton migration into pore

 Model agreement by
 Limiting current density measurements
 Mass activity measurements
 Tafel analysis
 CO stripping @ different RHs 
 CO displacement measurement (limited to 

potential range <0.6V)

 PSD with classification of Ptinner/Ptouter is 
difficult to measure, but essential! 

 Model can analyze limiting pocesses with 
respect of support type or degradation level

 Model is implemented in AVL FireM (3D CFD)



Thank You 
for Your Attention! 

Dr. Dietmar Gerteisen
dietmar.gerteisen@ise.fraunhofer.de


	Foliennummer 1
	Upcoming Webinar and Workshop
	Foliennummer 3
	Fraunhofer-Gesellschaft – Leading Applied Research Organization
76 Institutes – 30.000 staff – € 3 billion revenue
	Our Mission in Our Department Fuel Cell
	Fuel Cell Modeling Team�
	Motivation
	Structure of the catalyst layer
	Structure of the catalyst layer
	Structure of the catalyst layer
	Structure of the catalyst layer
	Structure of the catalyst layer
	Structure of the catalyst layer
	Development of a 1D cathode catalyst layer
	Development of a 1D cathode catalyst layer
	Development of a 1D cathode catalyst layer
	Development of a 1D cathode catalyst layer
	Development of a 1D cathode catalyst layer
	Development of a 1D cathode catalyst layer
	Validation of mass transport parameters
	Validation of mass transport parameters
	Validation of mass transport parameters
	1D-Simulation of polarization curve
	1D-Simulation of polarization curve
	1D-Simulation of polarization curve
	1D-Simulation of polarization curve
	Impact of catalyst layer degradation on performance
	Conclusion
	Foliennummer 29
	Upcoming Webinar and Workshop
	Foliennummer 31
	Foliennummer 32

