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Polymer electrolyte membrane fuel cells (PEMFC) are promising
capdidates for gemerating clean power in stabiomary asd mobile
applications. Diespite over three decades of inlensive research aimed
at enhancing their performance amd durability while reducing costs,
the market intmoduction phase proceeds slowly. One significant
challenge, aside from bydrogen availability, lies in the membrane
electrode assembly (MEA), the core component of the fuel cell
Specifically, the cathode catalyst layer (CL) experiences high
pelarization |oszes umder load, even with substantial platium (Pt}
loading. particularly after long-term operation dwe to CL degrada-
tion.

Efforts to optimize CL stnactare focus on ils compoments: stale-
of-the-an electrodes typically consist of Pt or Pr-alloy camlysts,
carbon support, amd donomer. A wide mage of combinatons
regarding type, quantity, proporticn, synthesis route, and fabrication
process has been explored. Key faclors imclede the Proto-carbon
weight ratio (PYC wi), ionomer-to-carbon ratio (1/C).° Pt koading,
Pt paricle size distribution mnd location.” support type™” and
momer type calegorized by equivalent weight (EW) and side-chaim
Ierglh.*' Muost studies showed thal @ is not expedient 10 focus on
improving the properties of the sole mgredients iself but on their
mutsal complex imteraction amd long-term stability. For instamce, a
highly active catalyst charscterized by rolating disc electrode
measurements does nol necessarily immslale 1o mmproved cxygen
reduction reaction (ORR) kinetics in a high-performing MEA. ™"
Furhermare, the dispersion and deposition of catalyst particles on
the carbon support within the CL are critical ** " A well-conducting
sonomer network & essential for delivering protons o Pt sites for
ORE, and the wetling properties of the mk formulation are crucial
fior establishing a large electrochemically active surface area (ECSA)
while ensuring thin layers of ionomer above the catalyst particles.
The optimal ionomer dispersion might ooour when all Pt particles are
covered and directly conpecied o the proton conduction network.
Thiz coverage should be achieved with a thin ionomer Glm B
minimize the oxygen diffusion barrier and also o avold excess
somomer loading which might contribute o premature degradation of
the CL."*" However, recenl studies indicate that direct contact
between Pt and ionomer can lead W cakalyst poisoning due io the
adsorption of sulfonic acid E:mupLH' reducing area-specific activity
b as Jow ax 12% of a mon-poisomed P in contact with watler."® The
use of high surface area carbon (HSAC) swch as Ketjenblack,

“E-muil: Sctmar pericisn @ e rholerde

provides a rough surface with liny nanopores for Pt deposition. This
buried Pt appears to be prodected from 53057 poisoning due to the
somomer's structure and stiffness, which hinders the pemetration of
these m:."'”‘” Park et al.* reparted more than a threefold increase
m mass activity for Ptoon HSAC compared o low sarface area
carbon (LSAC). Ramaswamy et al.! observed similar increases in
activity  (2.5-3% tmes, from 173 .ﬁgn_’ For Vulcam b
440-680 A gr " for Ketjenblack). These findings suggest that buried
Pt particles remain electrochemically sccessible as long as the fuel
cell operates under sufficiently humidified conditions. dse to finie
proton comduction over a few nanomelers inlo primary pores via
complex qpmt prcesses on the pore wall or liquid water
DCOUPANCY. " I addition 1o posoning effects, simulations reveal
a strong oxygen diffusion bamier in tbhe ionomer thin film near P,
attrihuted o demsification of the ionomer byer due o stbactive
forces between the Pt surface and jonomer molecules. ™ Bath
poisoning and Wmomer restructuring appear to be dependent on
relative humidity (RH). ™ Molecular dynamics simulstions of
highly oxygem-permeable wonomers (HOPIs) indicale that both
high permeation and mitigtion of poisoning are due 1o the
suppression of densely layered folding of polymer backbomes near
catalyst surfaces by the incorporated ring-strschared matrix ™ The
mterdependence of these properties and processes within the CL
complicales the interpretation of performance data, as optimixing
one property may bkead 10 a decrease in another. To address these
complexities, a performance model should incorporate throwugh-plane
transport of protoms and cxygen in the CL wvia the ionomer amd
secomlary pore metwork of o mECTOSCOPEC scale. ™™ These pra-
cesses must be coupled with micre- amd mesoscale phenomena,
mchuding the adsorption of oxygen at the omomer surface
diffusion, and proton migration within the ionomer thin i
mchuides considering the ionomer-free, open or water-occupied
substructure of the carbon support and the umigue properties of
thin flms, which ﬁﬁer:lsmﬁ:amljmﬁm bulk materials, az well 2=
their intemctions with Pt nearby

The accessibility of oxygen 21 the reaction siles is critical and bas
been madeled at various levels of detail. Mashio et al.”" developed a
mathematical model for local gas tamsport in 2 single carbon
primary particle by merging the classical agglomerale model with
kacal gas transport near 3 Pt particle, introducing two proceszes: gas
transpar through an ionomer thin film on the carbom particle’s
surface amd through water inside the particle. To match experimen-
tzlly measured gas tamsport resistances. they set gas permeability
through the ionomer thin flm to [0¥E-20% of that through the bulk
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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 2025:

= 45 researchers plus students

= 9.4 Mio. € annual budget (w/o investments)

= 19% direct revenue by industry contract research

= > 500 m? 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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Fuel Cell Modeling Team
Main Topics

Electrode level

= Self developed codes,
focus: Python

= Structure, performance
degra-
dation,
transport
processes
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water- water-free
filled pore pore

ionomer

side-chain too short
for SO, adsorption

Cell level

= Self developed codes
(Python)

= Commercial CFD code

(FireM)

= |ocal effects
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Design and optimization
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Motivation
Aim of the model framework

ﬁlmproving prediction capability
by accounting for local effects close
to the active Pt sites

adsorped
SOy

side-chain too short
for SO; adsorption

water-free
pore

water-
filled pore

KBUT D

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

23756

Relative
Pressure [Pa] 0 4751 9503 14254 19005 28508 33259

0 4.1 82 123 16.4 20.5 246

Position in x-Direction

p
= Besides performance, degradation
modeling is of interest

Adaption on existing degradation model
based on particle size distribution (PSD)

L

npe [10%°/cm?]

. Pt-Particle
@ PtAtom
. Oxide

. C-Support

ECSA rel [%]
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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 A T ey o5 B
= lonomer covers Pt particles e 2

= Secondary pores between
agglomerates

ionomer

water- water-free side-chain too short
filled pore pore for SO;- adsorption
8 EEFﬂRﬂEHTV.ﬂM‘ . FC_CA-I;;,_':'\:\\-‘-\ y
©Fraunhofer ISE ﬁ ?i;jfnlgiif;:l"l:;me”um % FraunhOfer

t; N
- e
und Forschung 4 <’
_z_\/h,

ISE



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

Matrix of Pt/C/ionomer

= Platinum supported on carbon
particles

= lonomer covers Pt particles

= Secondary pores between
agglomerates

Limiting processes

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

ionomer

proton conductivity and Pt water- water-free side-chain too short
accessibility filled pore pore for SO;- adsorption
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Structure of the catalyst layer
And its associated limiting processes in the electrode

. . . 4 0.18 N\
Findings from the literature = i | ]
([} 22 012 — y 13352
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= Kinetics is Pt particle-size g i ” : .
dependent PRI
ORR activity ; N C ' ' Y
_ _ ome P <
Oxide formation examples -
Pt dissolution é S
&2
Needs for ,realistic’ CL model Ny Ahluwalia et al., JES, 160 (4)
D_"L .g ’ 0.5 0.7 0.9 11 ) 1 0.8 0.6 F447-F455 (201 3)
\ Potential (V)
= Distinguish between Pt particle ‘B o dbeck ot al ACS Catal )
. . . c . .
sizes > PSD (particle size S § 10, 11, 6281-6290, (2020)
distribution) &S 3
P S|
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature / Pt ner & Ptojter \ / Proton accessibility \
. 2 F . sotm%Pt/HSC (b) 1
= Carbon support has high impact e
. . . 0.8+
BET, Pt dispersion, Pt location, :
- . [=]
RH-dependent Pt utilization 709
504}
T 50nm. a
Needs for ,realistic’' CL model o - — = 70 wi% PUVuican
BN (i) exterior (j) exterior 0.2 -850 wi% Pt/Vulcan|
40 b RSt -= 10 wt% PYHSC
o _ _ _ gzo o ‘ ~ [-e-50 wt% PUHSC
= Distinguish between particle sizes 2 [ ameel | | aina 0 20 40 60 80 100
> PSD (particle size distribution) fo o e relative Humidily ()
i<t ' i g’zo E nli | i 53 Kobayashi et al, ACS Appl. Energy
o D|st|QgU|sh between particle £o) 1'2"; Ll &g; 30 o)
|OcatIOﬂ 9 Ptinner/Ptouter Particle size / nm Particle size / nm
Padgett et al., J. Electrochem.

Soc. 165 F173, (2018) / K /
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Structure of the catalyst layer
And its associated limiting processes in the electrode

Findings from the literature : Mass transport limitations Mol PR ' T h
£ go} ! 2]
. . Gas Diffusion Lay () “
= High mass tansport resistance at " e oo}
low Pt-loading 2 01y
4 .
1 20r 3
o R e %
e 0 : - ' '
Needs for ,realistic’ CL model 0 o1 02 03 04
Rt roa by (A P bt Pt Loading (mg/cmz)
o . . . \_ Schuler et al, JES, 166, F3020, (2019)
= Distinguish between particle sizes
L 4 N
- PSD (particle size distribution) Compact ionomer Iayer close to Pt
- D|St|h9l~”5h between particle = 1 molecure dynamics simulation show
location - Plinner’Plouter ‘ s high compactness of ionomer thinfilm
= Include local transport processes ‘
. ” 3 I " S Ol: lonomer ] o.aqu
near Pt particle : L b Loz £
1 e \ for Jinnouchi et al, Electrochimica
S P N : b Acta, 188, 767, (2016) D
12 = FC-CAT- =~ —
©Fraunhofer ISE * | ?i;jf;“%lejm:gute”um J \“\) ‘ % FraunhOfer
unaronaing 2 ~ ISE



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 2 Pt /Pt ier

= Include local transport processes
near Pt particle

= Include Pt coverage (poisoning)
by SO5-

13
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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 (rp,;) = discrete PSD
= Carbon particle carries Pt particles

= on the surface: Pt

= in primary pores of different size (d, . ): Pt

pore,| inner

= lonomer is not able to penetrate pores with
diameter < 8nm

primary
pore

Ipt i
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Development of a 1D cathode catalyst layer
Impact of Pt/C-Classification, lonomer poisoning, size-dependent specific activity

= Pt-Classification in particle = lonomer poisoning of Simulating potential dependent Pt-coverages
size and support position Pt,ter Which is in contact
(Pt ner Ptouter) with ionomer and can be Oor- — Ksd+
= C-Classification in high & poisoned/blocked by SO5 T+ 8K + K
low surface area carbon group of side chain
oo _ = Simplified Langmuir 0o Kox

1.4

" : ¥ = * K €4 eq
competitive adsorption L+ 9 Ksor + Kox
model is used, where one
adsorbate blocks 3 Pt sites

1.2
1.0
0.8 L

Ofree = 1 — 80507 — Oox
0.4
0.2

particle density [#/cm?3]

0.0

with equilibrium constant

181

Krfq = Sn/Sﬁ‘ee

. expressed as RH & potential — dependent Tafel

0.8
0.6

article density [#/cm?3]
coverage / -

expression
0.2 o2 ( (ZH F (q)(} ((I) (D )))
00 ol eq __ - n—\FeT*p
< " 0.0 02 04 0.6 08 w0, goictal K” - l'[/n (RH) e kT
potential / V ”
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Development of a 1D cathode catalyst layer
Impact of Pt/C-Classification, lonomer poisoning, size-dependent specific activity

= Pt-Classification in particle = lonomer poisoning of = Pt-size dependent Simulation result
size and support position Pt,ter Which is in contact specific activity = Support-type dependent
(Ptirner Plouter) with ionomer and can be = Fitted with data from mass activity shows

= C-Classification in high & poisoned/blocked by SO5 Shao et al. (2011): Nano Lower values for Vulcan
low surface area carbon group of side chain letters 11 (9), S. 3714- due to the ionomer
g - = Simplified Langmuir 3719 poisoning
% competitive adsorption = Mass activity vs size results Good agreement with
'gg;; model is used, where one automatically for a fixed measured data of
g - adsorbate blocks 3 Pt sites PSD Padgett et al. (2018)
e _ ] |
§ NiIRSS. 7 5 5 g = pecoetetal
z ., @ ool Y 1N ' Z ]
iR TE § SEtA | N
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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 Ptg i iS

: —4v Voo
hindered by ionomer which £ & | d, < d =
y 28 T p = pflooded = BT n(RH)
can form a compact layer £v_ L
ClOse tO Pt part|C|e u_? g- d?\'F , 1a=T capillary condensation
. . . a8 /G‘::\‘ Pt: ET large pore free of
= Cross-section for diffusion: P / inner Bl e
- : ~ d :
hemisphere of ionomer over e e \5
. 3 bad or no proton g.f 3 . i
Pt pa rticle conduction %, /nall pore
;;_““““““-"""""""""""""““ gﬂﬂd ;]ratan g‘l fvcailéfled hy
inner [ conduction 9 . P - -
= Diffusion to Ptmner (pore flooded) RHL]
additionally hindered by AP,
water in the pore, but water & |4
. . . o &= o
is essential to activate Pt £ 3 . Tpei Plouter
x = | HE (partially
. . . S o \F =5 | r i
= Cross-section for diffusion: it R =Py E'ﬂ;';fi)
. . . o= Y oUg
circle with diamter of
primary pore s
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Development of a 1D cathode catalyst layer
Our approach in a nutshell : Proton accessibility via ionomer and water

= Capillary condensation = Pt in water-free pores are T T
equation defines the pore inactive (not accessible by ® %
that are flooded depending protons) or limited in e 2
on its pore size activity due to high ohmic $ o $
losses for the proton & u & oo
—4 vy Vo
dy < dy flooded = RTIn(RH) transport
100
; 4 cdeschai ) Simulation result — 904
adsorpe side-chain too short . . X
P i : = RH-dependent Pt utilzation can = g0
SO; for SO5~ adsorption . c
be modelled for different C- 8 704 e PUHSACHE.
support type _g 60 - —h— PUHSACE® o,
_4—: —<— Pt/LSACSHP 1o
5 07 —B— PHLSACE
E a0 -%- PYHSACH™. .
30 -»- PYLSACST..
ter-filled ter-f Experimental data from ; ; : ; ;
water-tiie water-Tree KObayaShi et al 2022 ACS Appl 20 40 60 80 100
pore pore Energy Mater, 5, 316-329 RH [%]
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Validation of mass transport parameters
Fitting limiting current density measurements = extract pressure independent mass transport resistance

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

Investigation of different CCMs

| . 4
= Change in Pt loading
= Change in support type (HSAC vs MSAC
MSAC)
= Change in Pt loading @ constant -
CL thickness 4 Ge
Variation leads to different MRAC eo
: QG
= Pt area (roughness factor) - >
= Diffusion path (compressed thin- g | 00
film vs thin-film + pore) E ngéd S
= Diffusion in secondary pores > 90

20
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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 (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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Knudsen
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Simulation result "'| R, suongest increase for SAC
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= Mass transport resistance W Ry, sim :
can be modelled for E | =3 R
different C-support type, 2 **
Pt/C wt% & Pt-loading < ™
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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 (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

22
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O
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o
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S

.C
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) ) 1001
Simulation result
= Mass transport resistance > 80-
break down QCE
GDL 5 %9
N
MPL 2 40
CL £
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resistance 0
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% Ezj[nl;!ifjm:glstenum N 8

und Forschung

CCM sample

Rfo.
0.0% RE!
5.9% RE
(o)
o %
32.0%
Pcvl"ezc

= Fraunhofer

ISE



1D-Simulation of polarization curve

Example: CCM Ptyeic

MSAC catalyst with properties
= Pt o/ Ployter = 38% /62%
= Loading = 0.41mg/cm?,

= ECSA = 48 cm?/gp,

voltage [V]

lpr, lupL ley Linem

X0 X1

Through-plane transport of O, and H* are
coupled with local processes near Pt particle

©Fraunhofer ISE

Loss breakdown

= Proton conductivity in CL
= and HFR

has strongest impact

— ldefaurt ~ tUtcv o |Det— e --—-- jR-corrected

=T oo ow == log|Dci|Dy—

Distinction between current

generation of Pt ., & Pt, ter

= Ptinner bends back at lower
potential = operates closer to
limiting current
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=TT ogow == log|Dci|De—
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1D-Simulation of polarization curve

Example: CCM Ptyél . & PtPd, -

Catalyst with properties

MSAC LSAC
Ptiner / Ptouter [%0] 38/62 13/87
Loading [mg/cm?] 0.41 0.1
ECSA [cm?/gp 48 23

lprL, Ivpr

lmem

©Fraunhofer ISE

voltage [V]

0.9 4
0.8
0.7
0.6
0.5
0.4
0.3 -

0.2 A

Loss breakdown
= High local mass transport
issue for low loaded CCMs
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1D-Simulation of polarization curve
Example: CCM Ptyieh

MSAC catalyst with properties Impact of thinfilm compactness factor
= Higher diffusivity due to less
compactness leads to higher limiting

currents

" Pt ./ Pl = 38% /62%

= Loading = 0.1Tmg/cm?,

Weompact: 0.2 === Wcompact: 0.55 === Weompact: 1.0

= ECSA = 48 cm?/gp,

Itotal
/ Ptinner

/ P touter

voltage [V]

current density [A cm™2]
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= Normalized current density shows
the high activity of Pt ., due to less
poisoning

0.9+

0.8+
0.7 4
0.6

- ’..‘/
0.5 N

0.4 1

0.3+

021
0.00

0.06 0.08 0.10

current density [A cm;2 e 2rea]

0.02 0.04

\

~ Fraunhofer

ISE



1D-Simulation of polarization curve
Example: CCM Ptyieh

MSAC catalyst with properties

- Plioer Plinner . [V] | voltage [V] | variation .
oo D 7 A — 0651057 | g 055 Bending-back phenomena
—— 0.6 | 0.44 | wcompact: 0.55 . .
—— 0.55 [ 0.38 | Weompoct: 0.55
= Pt o/ Ployier = 38% / 62% = Local current generation in CL
— 25001 _______
S I s S e i e shows that Pt .., operates closer to
)
- S limitin rrent than P
= Loading = 0.1mg/cm?, ting current than Py, e,
i‘g L
W= 1500 *__/._:::‘“;:
= — 2 1250  F———=TmTmmmmeeeeo o
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10007 02 0.4 06 08 10 = ! Ptinner
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e e dme Smemviee 07
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_ 200001 | T TTTTTTTTmmm oo g
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5“;5_ 10000 \\ \\
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Impact of catalyst layer degradation on performance
Pt-redistribution via Ostwald ripening

— PR - P
0.9
0.81
Comparison of ,fresh’ vs ,degraded’ CCM —— pdlfresh  ___ py0ldegraded = o7
0.9- — iy & °°
= Solely PSD is changed - no model ool —i1%°
' 1 0.4
parameter! oo |
ECSA = 48 m?/gp; > 30 m%/gp, > ! '
0.2 1 i L
e ner = 1.63 1M > 2.14 nm % 0-6'E 0.00 002 004 006 008 010 0.12 014
T ey = 2.49 nm - 3.86 nm & I current density [A cm32; ]
Fraction Pt = 38 % > 8 % s 037 R
nner S 1
0.441 . .
o —— Plimer === Plouter i = The increase of normalized
S 0311 current density of the
O 1
ry 0.2} | | . degraded CCM shows that
— 0 1 2 3 4 5
o . 5 the CL always suffers from
i current density [A cm™<]
S mass transport (H* & O,)
©
@ = Degraded CCM shows steeper drop in
£ polarization curve in activation region
. = Similar slope in ohmic region
Pt particle diameter [nm] = Lower limiting current
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Reaction Current
Density (Inner) [A/lcm?]

. 3228.6

Conclusion -
e
- i
= Cathode catalyst layer model developed * Model agreement by |
Based on PSD Limiting current density measurements
Classification of Pt /Pty ter Mass activity measurements
lonomer poisoning of Pt ., by simplified Tafel analysis
Langmuir competitive adsorption model CO stripping @ different RHs
Local mass transport processes close to Pt CO displacement measurement (limited to
particle potential range <0.6V)
Fickian Diffusion of O, through (compact) - PSD with classification of Pt. /Pt _is

ionomer thin-film

Fickian Diffusion of O, through primary
pore (free or flooded)

Proton migration into pore

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)
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PEMFC Performance Modeling Framework: Analyzing Pt Particle
Size Distribution and Carbon Support Structure Impact
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Polymer electrolyte membrane fuel cells (PEMFC) are promising
capdidates for gemerating clean power in stabiomary asd mobile
applications. Diespite over three decades of inlensive research aimed
at enhancing their performance amd durability while reducing costs,
the market intmoduction phase proceeds slowly. One significant
challenge, aside from bydrogen availability, lies in the membrane
electrode assembly (MEA), the core component of the fuel cell
Specifically, the cathode catalyst layer (CL) experiences high
pelarization |oszes umder load, even with substantial platium (Pt}
loading. particularly after long-term operation dwe to CL degrada-
tion.

Efforts to optimize CL stnactare focus on ils compoments: stale-
of-the-an electrodes typically consist of Pt or Pr-alloy camlysts,
carbon support, amd donomer. A wide mage of combinatons
regarding type, quantity, proporticn, synthesis route, and fabrication
process has been explored. Key faclors imclede the Proto-carbon
weight ratio (PYC wi), ionomer-to-carbon ratio (1/C).° Pt koading,
Pt paricle size distribution mnd location.” support type™” and
momer type calegorized by equivalent weight (EW) and side-chaim
Ierglh.*' Muost studies showed thal @ is not expedient 10 focus on
improving the properties of the sole mgredients iself but on their
mutsal complex imteraction amd long-term stability. For instamce, a
highly active catalyst charscterized by rolating disc electrode
measurements does nol necessarily immslale 1o mmproved cxygen
reduction reaction (ORR) kinetics in a high-performing MEA. ™"
Furhermare, the dispersion and deposition of catalyst particles on
the carbon support within the CL are critical ** " A well-conducting
sonomer network & essential for delivering protons o Pt sites for
ORE, and the wetling properties of the mk formulation are crucial
fior establishing a large electrochemically active surface area (ECSA)
while ensuring thin layers of ionomer above the catalyst particles.
The optimal ionomer dispersion might ooour when all Pt particles are
covered and directly conpecied o the proton conduction network.
Thiz coverage should be achieved with a thin ionomer Glm B
minimize the oxygen diffusion barrier and also o avold excess
somomer loading which might contribute o premature degradation of
the CL."*" However, recenl studies indicate that direct contact
between Pt and ionomer can lead W cakalyst poisoning due io the
adsorption of sulfonic acid E:mupLH' reducing area-specific activity
b as Jow ax 12% of a mon-poisomed P in contact with watler."® The
use of high surface area carbon (HSAC) swch as Ketjenblack,

“E-muil: Sctmar pericisn @ e rholerde

provides a rough surface with liny nanopores for Pt deposition. This
buried Pt appears to be prodected from 53057 poisoning due to the
somomer's structure and stiffness, which hinders the pemetration of
these m:."'”‘” Park et al.* reparted more than a threefold increase
m mass activity for Ptoon HSAC compared o low sarface area
carbon (LSAC). Ramaswamy et al.! observed similar increases in
activity  (2.5-3% tmes, from 173 .ﬁgn_’ For Vulcam b
440-680 A gr " for Ketjenblack). These findings suggest that buried
Pt particles remain electrochemically sccessible as long as the fuel
cell operates under sufficiently humidified conditions. dse to finie
proton comduction over a few nanomelers inlo primary pores via
complex qpmt prcesses on the pore wall or liquid water
DCOUPANCY. " I addition 1o posoning effects, simulations reveal
a strong oxygen diffusion bamier in tbhe ionomer thin film near P,
attrihuted o demsification of the ionomer byer due o stbactive
forces between the Pt surface and jonomer molecules. ™ Bath
poisoning and Wmomer restructuring appear to be dependent on
relative humidity (RH). ™ Molecular dynamics simulstions of
highly oxygem-permeable wonomers (HOPIs) indicale that both
high permeation and mitigtion of poisoning are due 1o the
suppression of densely layered folding of polymer backbomes near
catalyst surfaces by the incorporated ring-strschared matrix ™ The
mterdependence of these properties and processes within the CL
complicales the interpretation of performance data, as optimixing
one property may bkead 10 a decrease in another. To address these
complexities, a performance model should incorporate throwugh-plane
transport of protoms and cxygen in the CL wvia the ionomer amd
secomlary pore metwork of o mECTOSCOPEC scale. ™™ These pra-
cesses must be coupled with micre- amd mesoscale phenomena,
mchuding the adsorption of oxygen at the omomer surface
diffusion, and proton migration within the ionomer thin i
mchuides considering the ionomer-free, open or water-occupied
substructure of the carbon support and the umigue properties of
thin flms, which ﬁﬁer:lsmﬁ:amljmﬁm bulk materials, az well 2=
their intemctions with Pt nearby

The accessibility of oxygen 21 the reaction siles is critical and bas
been madeled at various levels of detail. Mashio et al.”" developed a
mathematical model for local gas tamsport in 2 single carbon
primary particle by merging the classical agglomerale model with
kacal gas transport near 3 Pt particle, introducing two proceszes: gas
transpar through an ionomer thin film on the carbom particle’s
surface amd through water inside the particle. To match experimen-
tzlly measured gas tamsport resistances. they set gas permeability
through the ionomer thin flm to [0¥E-20% of that through the bulk

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