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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
Assisting Global Industry with Scientifically Sound Services

Understanding Fuel Cell Membrane Electrode 
Assemblies (MEAs)
—
Key Performance Indicators 2024:
 45 researchers plus students
 9.2 Mio. € annual budget (w/o investments)
 33% 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
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Group Fuel Cell Modeling
Main Fields of Interest 

System level

 Design and optimization
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 CCM production
 Novel catalyst 

materials

AI / Machine Learning Cell level

 In-house developed code
(Python)

 Commercial CFD code 
(AVL FireM)

 Local effects
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Electrode level

 In-house developed code
(Python)

 Structure, performance,
degradation, transport
processes 
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Model Structure
Coupled Models for Morphology + Degradation + Performance

Manufacturing 
parameters

Begin of test CCL 
morphology

Change of CCL 
morphology 
during ageing

Impact of CCL 
morphology on 
performance

Applied ageing 
conditions

Applied cell operating 
conditions

Input

Modeled
processes

H2

O2

Output
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Motivation: Nanomorphology of each Pt/C/ionomer system is individual and affects global behavior of CCL

Morphology Model

Increasing 
support 
porosity

Carbon surface
Ionomer surface

[1]

[2]

[3]

[1] Padgett et al., 2018, DOI 10.1149/2.0541803jes
[2] Park et al., 2016, DOI 10.1016/j.jpowsour.2016.02.091
[3] Kobayashi et al., 2021, DOI 10.1021/acsaem.0c02841public



©Fraunhofer ISE

Morphology Model: Implementation
Distribution-Based Approach

Manufacturing 
parameters

Distribution-based 0D 
representation of CCL 
nanomorphology

Input

Model

Output Global parameters at 
BoT for validation 
against experiment

Carbon loading, pore volume distribution
Catalyst loading, particle size distributions on support surface / in primary pores
Ionomer loading and distribution properties

Pore volume distributions of C, Pt/C, Pt/C/io
ECSA
Ionomer coverage on catalyst
…

public
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Morphology Model: Implementation
Mathematical Description of the CCL Structure

Porous carbon support characterized by
 Carbon mass and material properties
 Pore size distribution

Exp

public
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Morphology Model: Implementation
Mathematical Description of the CCL Structure

Pore blockage by large particles only

Porous carbon support characterized by
 Carbon mass and material properties
 Pore size distribution

Pt distribution on support characterized by
 Particle size distribution on support surface
 Particle size distribution in carbon primary pores
 Model representation of Pt deposition method

Exp
Sim

public
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[1] Scherzer et al., 2022, DOI 10.1149/1945-7111/ac58c2
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Morphology Model: Implementation
Mathematical Description of the CCL Structure

Porous carbon support characterized by
 Carbon mass and material properties
 Pore size distribution

Pt distribution on support characterized by
 Particle size distribution on support surface
 Particle size distribution in carbon primary pores
 Model representation of Pt deposition method

Pore blockage by large particles or 
multiple particles

Exp
Sim

public
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Morphology Model: Implementation
Mathematical Description of the CCL Structure

Porous carbon support characterized by
 Carbon mass and material properties
 Pore size distribution

Pt distribution on support characterized by
 Particle size distribution on support surface
 Particle size distribution in carbon primary pores
 Model representation of Pt deposition method

Ionomer distribution characterized by
 I/C ratio
 Minimum thickness of formed ionomer film
 Model representation of ionomer deposition method
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Morphology Model: Implementation
Mathematical Description of the CCL Structure

Porous carbon support characterized by
 Carbon mass and material properties
 Pore size distribution

Pt distribution on support characterized by
 Particle size distribution on support surface
 Particle size distribution in carbon primary pores
 Model representation of Pt deposition method

Ionomer distribution characterized by
 I/C ratio
 Minimum thickness of formed ionomer film
 Model representation of ionomer deposition method

1 2

3
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Morphology Model: Validation
Variation of Carbon Support Surface Area

 Six different catalyst supports with surface area 
between 141 m2/gC and 1335 m2/gC

 Pore and Pt particle size distributions from 
literature as direct input to model

Increasing porosity

public
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[1] Park et al., 2016, DOI 10.1016/j.jpowsour.2016.02.091
[2] Kobayashi et al., 2021, DOI 10.1021/acsaem.0c02841

[1] [2]
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Morphology Model: Validation
Variation of Carbon Support Surface Area

exp | sim
 Six different catalyst supports with surface area 

between 141 m2/gC and 1335 m2/gC

 Pore and Pt particle size distributions from 
literature as direct input to model

 Validation on global CCL properties

 Validation on pore volume distributions after Pt/
ionomer deposition

public
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[1] Scherzer et al., 2022, DOI 10.1149/1945-7111/ac58c2
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Morphology Model: Validation
Variation of Carbon Support Surface Area and Ionomer Content

 Six different catalyst supports with surface area 
between 141 m2/gC and 1335 m2/gC

 Pore and Pt particle size distributions from 
literature as direct input to model

 Validation on global CCL properties

 Validation on pore volume distributions after Pt/
ionomer deposition

public
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[1] Kobayashi et al., 2021, DOI 10.1021/acsaem.0c02841
[2] Scherzer et al., 2022, DOI 10.1149/1945-7111/ac58c2

Increasing 
support 
porosity

Measured data Simulated data

[1] [2]

Low surface area support High surface area support
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Morphology Model: Validation
Pore Volume Distribution after Pt and Ionomer Deposition

 Six different catalyst supports with surface area 
between 141 m2/gC and 1335 m2/gC

 Pore and Pt particle size distributions from 
literature as direct input to model

 Validation on global CCL properties

 Validation on pore volume distributions after Pt/
ionomer deposition

C

Pt/C

Pt/C/io

C

Pt/C

Pt/C/io

exp
sim

exp
sim

Scenario 1:
Ionomer film of homogenous thickness

Scenario 2:
Ionomer film thickness distribution

public
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[1] Scherzer et al., 2022, DOI 10.1149/1945-7111/ac58c2
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Morphology Model: Validation
Pore Volume Distribution after Pt and Ionomer Deposition

[1] Park et al., 2016, DOI 10.1016/j.jpowsour.2016.02.091
[2] Scherzer et al., 2022, DOI 10.1149/1945-7111/ac58c2

 Six different catalyst supports with surface area 
between 141 m2/gC and 1335 m2/gC

 Pore and Pt particle size distributions from 
literature as direct input to model

 Validation on global CCL properties

 Validation on pore volume distributions after Pt/
ionomer deposition

C

Pt/C

Pt/C/io

C

Pt/C

Pt/C/io

exp
sim

exp
sim

Scenario 1:
Ionomer film of homogenous thickness

Scenario 2:
Ionomer film thickness distribution

public
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Motivation: Catalyst utilization versus RH exhibits strong sensitivity to CCL properties

Extended Morphology Model

public

[1] Wu et al., 2022, DOI 10.1016/j.enconman.2021.114982
[2] Shinozaki et al., 2011, DOI 10.1149/1.3556906
[3] Padgett et al., 2018, DOI 10.1149/2.0541803jes
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Extended Morphology Model: Implementation
Theory: Pt Inside Primary Pores Influences Pore Flooding

 Maximum catalyst utilization with respect to
RH reached much earlier for higher Pt loading

 Higher Pt loading associated with fewer, but
larger catalyst particles in primary pores

 Hypothesis: Pt inside pores influences capillary
condensation by acting as constriction

public
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[1] Padgett et al., 2018, DOI 10.1149/2.0541803jes
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Extended Morphology Model: Implementation
Theory: Pt Inside Primary Pores Influences Pore Flooding

6 nm pore with 4 nm constrictions

Regular 6 nm pore

Regular 4 nm pore

 Maximum catalyst utilization with respect to
RH reached much earlier for higher Pt loading

 Higher Pt loading associated with fewer, but
larger catalyst particles in primary pores

 Hypothesis: Pt inside pores influences capillary
condensation by acting as constriction
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[1] Coasne and Pellenq, 2004, DOI 10.1063/1.1772757
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Extended Morphology Model: Implementation
Capillary Condensation and Effective Pore Size

 Kelvin equation for capillary condensation,
‘condensation radius’

 Effective Pt size in each pore size class

 Effective pore size = pore size - effective Pt size
Pore is flooded if effective size is < condensation radius

public
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[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/adc8d9
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Extended Morphology Model: Validation
In-House Variation of Support Type and Ionomer Loading

exp
sim

exp 
sim

Support type variation @ 0.4 mg/cm² Pt, I/C = 0.8
(HSA: high surface area, LSA: low surface area carbon)

Ionomer loading variation I/C = 0.5 / 0.8 / 1.2
@ 0.4 mg/cm² Pt on HSA carbon

public
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[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/adc8d9
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Extended Morphology Model: Validation
Parameter Study for Comparison Against Literature

LSA carbon HSA carbon

Simulated impact of the Pt constriction size (effective Pt size increased by 30% / 60%)

public
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[1] Padgett et al., 2018, DOI 10.1149/2.0541803jes
[2] Scherzer et al., 2025, DOI 10.1149/1945-7111/adc8d9

[2][1]
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Extended Morphology Model: Validation
Parameter Study for Comparison Against Literature

28

Effective Pt 
size in pores

Share of Pt particles 
residing in pores

Ionomer loading

Width of Pt particle size 
distribution in pores

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/adc8d9

[1]
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Morphology Model
Summary

29

 Model sensitive to distributions of support
pores, catalyst particles and ionomer

 Simulation results for different materials
are a consequence of the unique morphology
of each Pt/C/ionomer system

 Validation against literature and in-house data
supports our distribution-based approach

 Modular implementation, can be adapted
flexibly to reflect other material properties

 Simple relations  fast model, easy to be
integrated into fit routines

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/adc8d9

[1]
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Motivation: Degradation is impacted by operating conditions as well as present CCL morphology

Degradation Model

[1] Schneider et al., 2023, DOI 10.1149/1945-7111/acff1f
[2] Schneider et al., 2024, DOI 10.1038/s41597-024-03662-w

public

[1]

[2]
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Model Structure
Coupled Morphology + Degradation Model

Manufacturing 
parameters

Mathematical 
representation of CCL 
nanomorphology

Change of CCL morphology 
during ageing (focus on catalyst 
on support surface/in pores)

Applied ageing 
conditions

Input

Model

Output Evolution of global CCL 
properties during 
accelerated stress test

public
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Degradation Model: Implementation
Description of Catalyst Degradation at Given Morphology and Operating Conditions

Begin of test

End of test

Repeated potential cycles with square wave 
between 0.6 V (3 s) and 0.95 V (3 s)

C
el

l v
ol

ta
ge

Time

public
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Degradation Model: Implementation
Description of Catalyst Degradation at Given Morphology and Operating Conditions

Sub-surface oxide formation (place-exchange)

Pt dissolution/redeposition (Ostwald ripening), diffusion to membrane PtO formation and dissolution

CCL potential

Pt atoms

Oxygen

Protons / Ionomer / 
dissolved and re-deposited Pt

Begin of test

End of test

[1]

public

33 [1] Meier et al., 2012, DOI 10.1021/cs300024h
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Degradation Model: Validation
Catalyst Utilization at Begin and End of Test for Different Support Types

34

Ageing for 50h

dry wet

dry wet

HSA carbon
LSA carbon

exp
sim

public
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In-House Material Variation

 Simulations for 15 cells with varying support type, ionomer loading and RH applied during AST

 Best model results for conditions with high I/C and high RHAST, weaker predictions in dry conditions and at low I/C

Degradation Model: Validation

exp
sim

exp
sim

Increasing 
RHAST

public

35 [1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744
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Degradation Model: Analysis of Degradation Modes

36

sim

Evolution of Catalyst Utilization versus RH

 Theory: particle coarsening in pores should 
move the increase in catalyst utilization 
toward lower RH

 This means catalyst utilization actually 
increases from BoT to EoT at certain RH!

 No shift in characteristic increase expected 
in conditions where particles in pores 
should not age

 Very good agreement with measurements

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744

[1]
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Degradation Model: Analysis of Degradation Modes

37

 Theory: particle coarsening in pores should 
move the increase in catalyst utilization 
toward lower RH

 This means catalyst utilization actually 
increases from BoT to EoT at certain RH!

 No shift in characteristic increase expected 
in conditions where particles in pores 
should not age

 Very good agreement with measurements

sim

sim

Evolution of Catalyst Utilization versus RH

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744

[1]

[1]
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Degradation Model: Analysis of Degradation Modes

38

exp

exp

HSA2
RHAST = 100%

HSA2
RHAST = 40%

sim

sim

Evolution of Catalyst Utilization versus RH

 Theory: particle coarsening in pores should 
move the increase in catalyst utilization 
toward lower RH

 This means catalyst utilization actually 
increases from BoT to EoT at certain RH!

 No shift in characteristic increase expected 
in conditions where particles in pores 
should not age

 Very good agreement with measurements

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744

[1]

[1]
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Degradation Model: Analysis of Degradation Modes
Comparison to Literature Data from Extended AST

 150 h AST = 720,000 data points for evolution of
morphology for these simulations

 Very good correspondence to literature data,
specifically reported particle size distributions

 Supports our assumption that solid information 
on particle size distributions can be obtained by
fitting morphology model to data

 Additional comprehensive data sets for model
validation would be welcome

39

public

[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744
[2] Amichi et al., 2024, DOI 10.1002/aenm.202402310
(Image taken from supplementary information)

[2]

EoT data 1

EoT data 2

EoT data 3

inner
outer

[1]

Simulated particle size distributions (lines)
Measured average size and error (points)
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Degradation Model
Summary

 Highly parametrized model, many parameters
which cannot be directly measured (in-situ)

 Model tracks operating history of the electrode;
~240,000 re-calculations of morphology during
an AST of 50 h  unsuitable for fit routine

 Parametrization strategy:
 One set of parameters for all materials
 Many parameters adapted from literature 
 Only few degradation processes dominant in

given conditions
 Solid parametrization at BoT usually leads to

good results during ageing

40
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[1] Scherzer et al., 2025, DOI 10.1149/1945-7111/ade744
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Outlook
Coupling to Performance Model

 Performance model implemented, but
unpublished

 Dedicated software to compare our
standard suite of in-situ data with the
simulations

 Model structure allows for straightfor-
ward integration of new processes and
their validation

public
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Outlook
Further Planned or Possible Model Development

 Novel Pt/C materials (Project CORAL-HD, completed)

 Novel ionomer materials (Projects DirectStack2Scale and GIRAFFE
focusing on hydrocarbon ionomers, ongoing)

 Material gradients

 Further processes, e.g.
 ionomer degradation
 support degradation
 ageing under H2/O2 with associated inhomogeneities 

in reactant concentration and CCL potential

 Further cell components, e.g. impact of GDL and membrane

42

public

[1] Martin et al., 2025, 10.1002/aenm.202500954

[1] [1]

https://www.ise.fraunhofer.de/de/forschungsprojekte/coral-hd.html
https://www.ise.fraunhofer.de/de/forschungsprojekte/directstack2scale.html
https://www.ise.fraunhofer.de/de/forschungsprojekte/giraffe.html


Thank You 
for Your Attention! 

Anne-Christine Scherzer

anne-
christine.scherzer@ise.fraunhofer.de
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