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Outline

e Overview
— Fuel cell 101, PDE, CFD

* Macroscopic CL models

— Volume averaging method

* Mesoscopic modeling

— Pore scale model
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* 10+ million population (#6 in China)
e ~1.3 million university students (#1 in the world)
* One of four FC R&D1 clusters in China
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Fuel Cell Vehicle (FCV)

Battery Pack

Fuel Filler
- . f <

Fuel Tank (hydrogen)

Fuel Cell Stack i
Electric Traction Motor o

DC/DC Converter

Thermal System (cooling)

Transmission

- ™ Power Electronic Controller

3 Battery (auxiliary)

afc energygow

https://afdc.energy.gov/vehicles/how-do-fuel-cell-electric-cars-work




Working principle: PEMFC

Anode Membrane

Cathode
A Airin

PEM = Proton Exchange Membrane H,in_

Hydrogen oxidation
H, » 2H + 2e~

Oxygen reduction

1
2H"+2e” +50; > H0

Net reaction

1
Hz +§02 - HzO

Chemical energy - Electrical energy + Heat

Image source: Los Alamos NL



Membrane Electrode Assembly

£ 43@m3up

MPL

CCL

ACL

£ 5330633Up

HD

P

Goses

~0.V»voqqqqo--
el
R R R
B
AN
o

T R ]
Ciiiiaaaaaaiaaiiia i
L L
SRR L L
N R raa]
R S ]
R et %
S e
..J&&Wf@@@@@@%@ﬁ%&W‘
Soliin s
A N A N
R R R

£ 53Mm33up




Steps to make MEAs

MEA

Pt/C particles
+ Solvent

lonomer

solution

Sonication Spray Coater




Catalyst layer




Microstructures
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LENGTH SCALES & TRANSPORT
PROCESSES
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o Meso & macropores

Micropores _
<2 nm ™
Crystalline domain Pn‘ma particle Agglomerate Aggregate
10-20 A ~20 nm ~100 - 300 nm ~1-3um

FIGURE 2. Schematic representation of the microstructures of carbon black supports: turbostratic crystalline domain, primary carbon particle,
agglomerate, and aggregate of agglomerates. Representative micro-, meso-, and macropores are indicated by arrows.

e i oo g 17, 4
FIGURE 3. TEM micrographs of (a) Ketjen Black and (b) Vulcan XC-72 carbon aggregates.
Source:
On the Micro-, Meso-, and Macroporous Structures of Polymer Electrolyte Membrane Fuel Cell Catalyst
Layers, Soboleva et al., (SFUF, NRC-IFCI), 2010, ACS Applied Materials & Interfaces



Figure 20.4. Scanning clectron micrographs of a) aggregates obtained in a conventional
electrocatalyst synthesis and b) aggregate size distribution of the electrocatalyst powders
obtained by spray conversion. (Images courtesy of NRC-IFCL)

Source:
Spray-based and CVD processes for synthesis of fuel cell catalysts and
thin catalyst layers, R. Maric (NRC-IFCI)

Figure 20.16. As-grown 3M, PRI149 whiskers, (Image reproduced courtesy of 3M
Corporation.)



(i) Morphology change (ii) Insufficient large pore
| by ionomer in CL “isolated pore” in CL

Fig. 2 — Cross-sectional view of CL obtained by FIB-SEM from Inoue et al. [32].

“Understanding formation mechanism of heterogeneous porous structure of catalyst layer in polymer electrolyte
fuel cell”, Gen Inoue, Motoaki Kawase, International Journal of Hydrogen Energy 41(2016)21352-21365



SEM images at different magnifications
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http://www.optics.rochester.edu/workgroups/cml/opt307/spr05/paul/




Quantitative description of porous media

* Process-independent
— Porosity, tortuosity
— Pore size distribution
— Multi-point statistics™
* Process-dependent
— Effective transport properties
— Effectiveness

* “Stochastic Characterization and Reconstruction of Porous Media”, Lalit Mohan Pant, Ph.D. dissertation,
University of Alberta, 2016
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Classification of CL models

v L 4
Particle Continuum
| |
v v v v
First- Non-first- Geometry- Volume-
principles principles resolved averaged
' I
l v v v v v
Molecular Lattice Kinetic Pore scale Agalomerate Macro- Interf
dynamics Boltzmann Monte Carlo model 99 homogeneous nierface
Microscopic,

atomistic Mesoscopic



Salient features of transport
phenomena in PEMFC catalyst layer

Multiple species in
separated phases

Reactions taking place at
phase boundaries

Transport closely coupled
Water exists in different

forms Heat
H,O / o

r "\O/

2
Cathode CL H*

1
2H++ 2e” +§02 - HzO



Multi-scale approach

Advanced Transport
microscopy simulation

: I

Reconstruction

of >

microstructure

Pore scale Macroscopic Simulation
model CFD model tools

t t

Numerical FEM Stress Experimental
reconstruction analysus tools




MACROSCOPIC CL MODELS
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Macroscopic CL models

e Zero-dimension (interface) model
* Macro-homogeneous model

— CL flooded and treated as homogeneous medium

* Agglomerate model

— CPt assumed to form spherical agglomerates

— Effectively a two-scale model Vi=nF —5 1
—_— — O, _
None of these models 0p
accounts for the true
microstructure of CLs |
P50
PEM GDL




Zero-dimension (interface) model

Molar flow rate:

| i,

Mass flow rate: lo.c
|
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Macro-homogeneous model

* Consider the catalyst layer flooded and
transport of species is treated as one
homogeneous medium

e Does not reflect the microstructures of the

catalyst layer

VC = ref
CO2 D nF
. —aFn
Vi=|,AC ex
Jo p( RT

)

(I)jgo

PEM

GDL

CL
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Agglomerate model

* This is equivalent to a two-scale model
* Reflect some microstructures of the catalyst layer

* Need calibration for the model parameters
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Thiele modulus

* Effectiveness factor of catalyst pellets

_p [K'(©)
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] cylinder
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Pore-diffusion limited model

* Assuming mass transport is
dictated by diffusion in the pore

steps J

T,) _
o F
Electrochemical Reactions
Nsteps J Y _Y
T,] I P.i
ZMl(au_au) — S5
j=1
Jo F a. . F N
Y. _YP' S == b {exp(aa,l ;7)— p( =] UHH[Ak]aH
: ’ o RT RT L 1
a)l — pDI I 5 I V lk:Jl:[Ak,ref] ’
eff

S. Mazumder, J. V Cole, J. Electrochem. Soc. 150 (2003) A1503



TRANSITION BETWEEN MESOSCOPIC
AND MACROSCOPIC MODELS
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Mesoscopic model for CL

Mesoscopic domain size
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Point equation

— — [ pcZ-dR
dt i o
oT
KVT -ndS = | (pc——¢)dR
! j o)
I(V kVT _pcﬁ_T_F q)dR =( fauss’ theorem )
R ot [ A-rids = [ V- AdR

For a porous material, a point equation is
only valid within one single phase



Volume averaging

* Governing equations derived using
volume average method on
conserved physical variables over a
representative element volume
(REV)

* Properties for the transport
through bulk material/interface
are needed for model closure

| <<r<<L

WAL (©)

The length scale (r) of the REV is chosen that we obtain
sufficiently smooth values of the averaged quantity, while
the averaged quantity may undergo significant changes
over the length of the system L



Volume averaging method

Point equation: Single phase w =1,v,h,Y,(mass,momentum, energy, species)

For PEMFCCL:
(,Okl//k)'l'V (o ) ==V~ (-/k)_l_pkgok k = carbon,ionomer ,gas, liquid

/u/_\;l [ v w, ) =— fu/ dVv ‘ <VI//k>:V<Wk>+U.[l//kﬁde

 Additional terms appear in the volume-averaged
equations

 Model closure is needed for these terms.

k
\/ Y k \7" k/ \* k/ ?\Y kT k/ \" k/ \Tk/ '\‘f’k‘/’k>

Advection by the mean flow Dispersion Advection across Ai

(,0/<<‘///<>)‘|'V (pk<vk><Wk> )+V- (/Ok<vk Vi )+J./0k (Ve —v;) nka>dA

V() [indas o)

Diffusion Fqu across Ai  Production
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Interfaces in CL

Advection by the mean flow Dispersion Advection across Ai

(/Ok<l//k>)+v (pk<vk><Wk> )+V- (/Ok<vk Vi )+J./0k (Ve —v;) nka>dA

V() [hndas o)

Diffusion Fqu across Ai  Production

* Model closure is very involved
— Interfacial sub-models needed

— Microscopic modeling can help the development of
sub-models -
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PORE SCALE MODELLING
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Microstructure matters
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Focused ion beam (FIB) + SEM

* FIB slicing can be done in ~10 nm resolution

* |ntrusive method (destroys material)

* Coating of metal (W, Pt) on sample may protect overheat
and enhance image acquired (ALD)

Focused lon Beam
Electron Beam
Regions Imaged with SEM
Serial Sectioning

o
X
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FIB-SEM: Image processing
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Pore scale modeling (PSM)

ionomer
Direct solution of conservation earbon
equations on microscopic geometry
= gas
O:_v.(jk)+pk¢k pore

Stochastically generated or actual
microstructure
Macroscopic properties computed
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Porous medium reconstruction

B

A Porosity R1

FIB/SEM
3D, 2 phase data

Stochastic
), 3 phase data

Red=pore (34%)

reen=ionomer (22%)

Constrai



Target microstructure
(experimental)

Stochastically
reconstructed
microstructure

Final reconstructed

microstructure

Comparison: FIB-SEM vs. Reconstruction

20 (65) 38 (126) 57 (189) 75 (250)

Phase
distribution

1400 nm



Reconstructed catalyst layer

C-Pt lonomer Pores

Lange, Carlsson, Stewart, Sui, Djilali, Electrochem. Acta 2012
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Coupled transport processes in CL

Transport fluxes

Foz-.f —D()ZVCO2
T N = ~ ngo ¢ K
g F _D C . dY m.ref Pmref o v
Ft _ HzO.t _ Hzov Hzo CHgO‘refDHZO‘refF mv ’[)m
L Iey i i &SV(/)S

Reaction fluxes
_ iolef ~ o _
[ foz.r ] 4FD02~IEIC02.ref C02 exp( RT 77)
IR o io!rer ~ —o.F
= I'nyor 2FDi1,0 ref Ciiy 0 ref C02 cap ( RT ’7)
Fr — . .
iﬂfref - —o-F
s O ref Pm.ref C02 exp ( R]': ’7)
fer ioler o~ bieF
] o . O ref Ps.ref C02 €Xp ( RT 17) |
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Limitations

FIB/SEM provides only morphological
information of solid materials

MD/CGMD are limited to small length/time
scales

PSM considers nano-material as continuum

LBM does not consider thermodynamic
behavior at nano-scale
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What’s missing

435 ¢

* Transitions 405

— Thermodynamics

. 415
— Transport regimes

ionomer

E. Roduner, “Size matters: why nanomaterials are different” Chem.45§>c. Rev., 2006, 35, 583-592
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What’s missing

* Interfacial transport
— Adsorption
— Surface diffusion
— Wettability

Advection by the mean flow Dispersion Advection across Ai

%(pk<l)”k>) +V- (,0k<\7k><Wk>k) +V- (pk<Vk . &k>) + J‘pk<(‘7k —\7i) . ﬁkwk>dA

=V (i) [i-Ada+ pfol)

Diffusion FquIacrossAi Production
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PSM + experiment/simulation tools

Nano-CT
Micro-CT
SEM Flow visualization
Micro-PIV
TEM, STEHM
LBM
CG MD
PSM
CFD
KMC
am
MD
[ |
TR Fewod [Aedo| 1 | | T -
Atom | biustet | black | | | merate ii | itL PEM (GDL | unit cell FC stack
I | [ I I I I I
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1

Charactertic length scale (m)

PSM model can play a central role in CL research and
development



Research opportunities

In situ and operando SEM/TEM observation
— True validation for mesoscopic models

Measurement of physical properties of material
at its actual length scale in CL

— Surface properties

— Diffusivity

Multiscale simulation technique

— Mesoscopic model to bridge both ends

Establish links between fabrication processes
and BOL
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Pine soot + ‘goo’

184 J.R. Swider et al. / Journal of Cultural Heritage 4 (2003) 175-186

“AccV Spot Magn Det WD Exp —
M, ,150kv23 b0o0Ox SE 13.1 1
" = - s .v‘-'-.‘ B o8

Fig. 7. SEM image of Chinese Shanghai pine soot ink.




Model & simulation of CL fabrication

Vaporization Dry| ng
Van der
Waals force
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Additional activities

PEM-based electrolyzer (Profs. MJ Luo and
Chen of WUT)

Membrane desalination (MD) and MD-FC
hybrid systems (PhD student Hesam Harandi)

HT-PEM fuel cell + methanol reformer
(Beihang University)

AEMFC (NCU, ITRI)

Hydrogen infrastructure: regulations and
planning (Dr. SX Li of WUT)
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International Conference on Electrochemical
Energy Science & Technology (EEST)
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