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Overview:

» Principle of operation of a PEMFC
» PEMFC core materials and their main properties

» Advantages and drawbacks of PEMFCs



A few definitions

e Electrochemical system: converter of chemical energy into electrical energy or reciprocally

="

e Open systems: fuel cells, redox-flow cells, electrolyzers

m—
- -] e e

— MEA
\[ Oxidant —) —) Product; Reactants IE5) ””:>[ Oxidantjj

e Closed systems:
e Primary: non rechargeable battery (generator)
e Secondary: rechargeable battery




Redox reactions: H,-O, fuel cells

N

Q r electrons

Cathode O, H,O EOZ/HZO

Anode oS, B, 12

0 ePositive electrode (0,/H,0 couple)
O,+4H'+4¢e > 2 H,0 E%(O,/H,0) = 1.23 V vs. SHE, acidic medium
O,+2H,0+4¢ > 4 OH- E,°(0,/H,0) = 0.40 V vs. SHE, alkaline medium

‘ e Negative electrode (H*/H, couple)
2 H, > AH*+4 e E9(H*/H,) =0.00 V vs. SHE, acidic medium
2H,+40H = AH,0+4 e E,°(H*/H,) =-0.83 V vs. SHE, alkaline medium



The core of the PEMFC: membrane electrode assembly (MEA)

The triple phase boundary = interface
reactant | ionomer | Pt/C
should be distributed in the whole active
layer thickness/surface

The triple contact

Gas 02
diffusion

e transfer

sistance
(activation)

lonic

Ohmic
resistance

K.L. More et al.
| ECS Transaction
3 (2006) 717

Diffusion
medium

Active layer

Pt/C
lonomer—» ‘



The core of the PEMFC: membrane electrode assembly (MEA)

Diffusion medium

Hydrogen J eg Diffusion medium

Active layers

| 2Hz-+4l':|_+

' Cathode -

Bipolar-Plate  Gas Diffusion Layer Membrane Gas Diffusion Layer  Bipolar-Plate < Approx. 300-500 pm >

(Anode) with Catalyst with Catalyst Cathode)

The MEA structure/composition shall enable optimal (electro)catalytic reactions, whatever
the operating conditions:

> Electrocatalysis ! => Proper MEA core materials
=> Proper MEA structure / cell design

» Mass transport
> Heat transfer = Proper balance of plant / system 6
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The different materials and architecture of a PEMFC MEA

Gas Diffusion Layers (GDL) e Active Layers (AL)

paglacs: o o

Reagent feeding Electrochemical reactions

+ function of the GDL

Products draining

(water & reagent excess)
Current collecting
Thermal management
Mechanical support

Proton Carbon Electrically
Conducting Supported Conductive
Media Catalyst Fibers

Membrane

A & C reagent separation
lonic transport

Electronic insulator
Mechanical support

S. Litster, G. McLean,
J. Power Sources,
130 (2004) 61

PEM Catalyst GDL
Layer




The gas diffusion layer

Microporous layer (carbon
black + PTFE) = hydrophobicity
+ feeding/draining at nm scale

Membrane

) catalyst
Layer

mMODQOX-AN0mMmrm

Macroporous layer
(carbon fibers) =
mechanical substrate

[n]

as Flow Field

The gas diffusion layer ensures numerous properties

» Reagent feeding: from the bipolar plate — 100 um “pores” to the active layer scale — 10-50 nm pores
» Products draining: hydrophobicity (water & reagent excess)

» Current collecting: electron percolation — small bulk resistivity small interfacial contact resistance

» Thermal management: high thermal conductivity

» Mechanical support



The ionomer and proton exchange membrane (Nafion®)

Proton-exchange perfluorosulfonated polymer

{-CF,— CFp 3{CF—CFy)—

|
[DCFZz-i:F—]z—O(CFE)Eso"
CF,

Nafion® structure at
different scales

From G. Gebel et al. and D. Kreuer et al. (2000s)

PEM AL ionomer

« Separator (barrier) * Permeable to reactants

« MEA mechanical support * Binder

* Polymer proton conductor * Polymer proton conductor

* e- insulator = H* percolation for Pt/C
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The Pt-based catalyst

Towards large dispersion (lower cost, higher surface area) = nanoparticles of Pt(M)

Required electronic conductivity = carbon support = Pt(M)/C nanoparticles

10 %2 Pt/Vulcan

0.8 n.1a

T T
—— SADesc)

SAD{L1N}

1 .15

3 nm

b 1 - 008 40 % Pt/Vulcan

Surface-averaged distribution
SAIMLLN, SADMe+ch
4

\

SATN 1)

0.0

Particle size (nm)

O [

» catalysts: 10, 20, 30, 40% Pt/C

Zd=31+1mnm,3.3£0.7nm, 3.8+ 1.7 nm,. 4.7+ 2.7 nm

KOH
= S
4 —
: I~
- - ..
= | B0 T-Eg.. |

W N S —
50 45 4.0 35 30 25

mean particle size [nm]

L SA increases with SAD(111)

“SA increases with

SAD(100D), e+¢)

Smaller Pt(M) NPs are
less intrinsically active
than larger ones for the
ORR

=» Detrimental role of
low-coordination
number atoms (e + c)
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Strategies towards “superactive” ORR

electrocatalysts
@
cegome Layer ¢ (110) (  AGg (100)
oo C
........ k ‘AGOH‘ (110)
______ (2 X ]

Ligand effect ¢

‘ _______________ ALy 0‘0. 7

@ AG (111)

‘Disorder’
High CN
_ (High AGgy-)

Strain effect

Low CN

Low local a (Low AGgoy+)

‘Order’  (HighaGow) o

‘ . High local a
{ B ) (Low AGow)

Li, Asset, Atanassov, J. Power Sources 478 (2020) 228516.
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Pt utilization in the catalyst layer

Membrane Catalyst Layer Diffusion Layer

To be active, Pt(M) NPs need to satisfy the _;-:_E -+ Low Nafion®
triple contact conditions - content :
i 'f'_—.”.;’-r ionj
=== porcatian
! -
SA g —> Practical @) —
U= HEe
Sfflﬂ:&m‘&ﬁt‘m’ —_—> Th i = .
- eoretical <343 Optimal
- Nafion®
‘ e content
= -
e -
up, accounts for H*/e- percolation at Pt/C in PEMFC (b) —
MEAs (static vision)... |
= active area of electrocatalyst e y C2ialyst Particles
: : High Nafion ®
...but not for mass-transport (dynamic operation) content:
= electrochemical performance e- isolation

S. Litster, G. McLean, J. Power Sources, 130 (2004) 61 (c)




Pt effectiveness in the catalyst layer: diffusion to catalytic site!

To provide current, utilized Pt(M) NPs need to
be accessible to reactants

The MEA shall contain...
Small pores for active area (Pt dispersion)
Large pores for mass-transport

1 Hg-Porosimetry

CAZ1-40 g B N _-sorption 2-7.5 nm pore size CAH1 CAH2
B N _-sorption Micropores
CA#1.N25 ﬁ | rl;.s.omzon 2.50 nm pore size

Cami————

CA#2.-N40 — I
CAmNSS E——— .

T ||
SEES B B B gas pores

Porous Volume / cm’.g”

Pore diameter CA#1 > CAH2 (pristine CA)
Pore diameter CA#2 > CA#1 (active layer: Nafion” plugs CA#1 porosity)

PEMFC MEA = O, diffusion in gas pores = CA#2 favoured

The key parameter is NOT the C-substrate porosity but the AL porosity
=>» Taylored porous materials necessary
=» Taylored ink & electrode processing mandatory

____________ -
\ Interparticle

Voids
(-1 ulm)

* A 244448
.’ *
R e’ ‘

+ oL e
‘e e + +

34 sodf [o% 19)

*

B

99 A

I

I

Minor pore paths (~3 nm) /{/~ :
Major source of surface area ‘ |
’ I

to support catalyst nanoparticles |

| —

Courtesy of Plamen Atanassov
— Univ. New Mexico, USA

Pt/carbon aerogel active layers: importance of the
AL porosity on PEMFC performances

J. Marie, M. Chatenet et al. (2000s)

but also...
Y. Garsany et al. J. Electrochem. Soc. 165 (2018) F381
V. Yarlagadda et al. ACS Energy Lett. 3 (2018) 618
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The MEA structure/composition drives the PEMFC initial performances

1.2
Open—circuit =
patential
1.1 T
Cathode activation overpolential
1 :
= i
- + :
P e R )
g
.;E: IS EF
+ 08 | Membrane 77
.
- Qhmii
a7 " Hectrodes
Cell potential
o
06 | ]
Anode
activation
0-5 1 1 1 ] 1 1 1 1 1

0 o1 02 03 04 05 065 07 08 09 1
Current density, A/cm’

Fig. 9. Cell potential vs. current density characteristic curve of a typical
PEM membrane—electrode assembly, with the nature and order of
magnitude of the different overvoltages. From [26], with permission.

The MEA structure / composition shall enable optimal (electro)catalytic reactions, whatever the operating

conditions
Electrocatalysis of ORR (and HOR)
Electrical / proton conductivities
Mass transport / water management

[1] P. Costamagna, S. Srinivasan, J. Power Sources 102 (2001) 253

Ecen = Erev(Pr2:P02: T) = Norr = 1 Ro - Naisusion

08 TR T
07 + T
0,6
o5, — AME#5Pot |
' — 70 mV/dec

044 —70mV/dec-Ri|
03 +
0,2 | |

0 0,1 02

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Ndiffusion

0,3 04 0,5

Intensité (A/cm?)

[2] H. A. Gasteiger, S. S. Kocha, B. Sompalli, F. T. Wagner, App. Cata. B 56 (2005) 9-35
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The unit cell voltage - thermodynamics

Anode
H, <> 2H"+2 e

(E® =0V vs SHE)

n—.

Bipolar-Plate Gas Diffusion Layer Membrane Gas Diffusion Layer
(Anode) with Catalyst with Catalyst
2 2
RT a 0.059. a
— 0— + . +
E=E" +—In—‘*=0+ log—
2F ay, ay,
2 2
RT .  aga 0.059 a
0 O + . O +
Eeq+ =F + + ln 2 H :1,234_ log »H
2F Ay o 2 Ay o

» E° = standard potential
» Ecd= equilibrium potential

4e 20"
Ao N

Bipolar-Plate
Cathode)

Nernst law

@ 298 K

Cathode

fég; %20,+2H*"+2e <> H,0

(E°=1.23 V vs SHE)

Unit cell:

Ued = AEea =12V

16



The unit cell voltage - kinetics

Out of equilibrium (j = 0) : E(j) = E®9 — N —

Eea = E;_, = f(thermodynamic)

Naet = f(Saetr €lectrocatalysis) ; N =
Norm = f(Rions & Re.) in the membrane, the electrodes, at the contacts...
Neonc.giff = T([reactants]) = oxygen, hydrogen, protons + influence of liquid water

P irAem )

rIohm

—_ e
rlconc,diff < E*9

n, + n. (@node & cathode activation)

Overvoltages

——
G

x

l

= 05V

CH,OM

£ JCHOM ~ 121V

r————————

1,23 |

-

,
/ _________________________,_________« _______________________
K l' X

.,

o +4H++4e <>2H,0 |

——————————————————————————————————————————————————————————

AN

In pratice, a unit cell operates
at a voltage below 1V

Urr=AEPFr=06-1V
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The efficiency of a PEMFC

Evolution of E., due to AH variation

TAS

Thermodynamics: €,.,= AG / AH (= 83 % for H, @ 25°C)

rev Evolution of E., due
. . to AG variation
Kinetics:
> Potential : g; = E(j) / E®° (40 - 60 %)
> Faradaic: ;= Q(j) / Q,, (= 100 % - all H, is used)
Evolution of £, with T — H,/ O, fuel cell
1,00 \ 500
= 0,90 450 ¢S
= 0,80 \\\ 400 §
Efficiency of PEMFC module: 2070 S - B L
S 0,60 300 =
Eoenmec = E() X QL) / (OH) =€, g.8 =50-55% | = og0 T N |2
PEMFC rev “E ©F 040 / \:\ \ 200 5
0,30 / N\ 150 =
0,20 pd \ 100 3
: N
— 0,10 / s
Efficiency of PEMFC system: 0,00 0
0 200 400 600 800 1000
8system= €pemrc X €annexes = 45-50%




Towards PEMFC stacks

2 voltage = series assembly (filter press)
P current = A electrode surface area = Bipolar plates
2 power = large area electrodes + cells in series (BP)

PEM (Proton Exchange
Membranea)
Oxidant Fuel Flow Field Plate
Flow Field Plate l >
Exhaust =~ —— Fuel to Recirculate <0 S0 Al L
Water Vapor '-'i',a' ") | ; humidificati fon
(No Poliution) Low Temperature slmhabpibad
Electrochemical
Process (90°C)
Heat (90°C)+_~ s i STy
wm“‘mmd j..-"-’- u-ﬁ?;;: Al anin
/ g leetrode —p f l
AMNODE [-) | CATHODE (+}
."f Hy 00 (AIR)
“'T“T“T ‘I Hy—=2aH 2o | 2H" + 2 + 1205 == H0
Ai e Fuel ey i
ir — {Hydrogen) . I
T i E
L 4 < i &
BPs ensure inlet/outlet for each unit cell PEMFC stack |

elpctiical Icasd
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PEMFC should be durable (in theory) but do age...

Flooded cathode outlet

»The (local & global) PEMFC performances are linked to ”
the materials degradation (PEM, GDL and AL all degrade) ‘@; : g

50

»PEMFC aging is localized at multiple scales
> At stack level: from one cell to the other

> At cell level:
> From the GDL to the PEM ¥ B

» Along the gas channels
> In aregion at the BP channel / land level Si——— )

Voltage(V) @ 0.5A/cm?

ed Middle Cathode D)Aged Cathode Inlet

Cell position
(]
|I“||.|.Io -

]
o

[)
Anodeinlet

-h
L=

MEA Top view
Cat inlet

B) Aged Cathode Outlet C)A

A) Pristine MEA

C) Underland

e — e [ S — B) Under channel

1. L. Dubau et al., Fuel Cell, 12 (2012) 188.
2. ). Durst et al., Appl. Catal. B: Environmental 138— 139 (2013) 416.

3. L. Dubau et al., Int. J. Hydrogen Energ., 39 (2014) 21902.
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Overview:

> Principle of operation of a PEMFC
» PEMFC core materials and their main properties

» Advantages and drawbacks of PEMFCs
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Conclusion: advantages of PEMFC

B Direct conversion of chemical energy into electricity

* Small emission of pollutant (zero if H, from renewable origin) versus internal
* Larger efficiency combustion engines

¥ Fuel / Oxidant stored out of the conversion system
* Optimization of the cell / stack to the desired power
e Autonomy tailored on demand (size of H, tank or frequency of refuelling)
* Fast refuelling (stationary operation possible)
* (Relative) safety of operation (even in case of thermal runaway)

versus
B Core materials (in principle) not consumed / altered in operation " patteries

B All solid cell

* No leak of corrosive liquid
* Physical integrity / stability
e Operation in all “positions”




Conclusion: drawbacks of PEMFC

B Complex management of fluxes
* Reactants
*  Products (liquid water at cathode / anode, accumulated N, at anode, etc.)

B Cost of core materials, assembly and processes of manufacturing
* Pt-based catalysts
* F-based ionomer / membrane
* Gas-diffusion layers
* (Sub)gaskets
Bipolar plates

B Complexity of the system design / production / implementation

¥ Practical durability in operation

23



Extra:

> Principle of operation of a PEMFC
» PEMFC core materials and their main properties
» Advantages and drawbacks of PEMFCs

» The global context and why PEMFC (and PEMWE) are useful
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The global context: link between growth and energy consumption

- a) _ —-—Prlma.ry Energy per capita per day = HDI |
g ax10°- —=—HDI 1 1.0 1.0 - b)
‘.-E .’.l'.
a . J0.8
g et 0.8-
m -
& 2x10° - "_’L. /
= r“ [ 108
S i ‘(.’ _ 0.6 -
o i 0 —
/ 0
£ e Joa T T
g 1x10°- ;
g X / . 0.4-
[+ ] o
> e aaE {0.2
[+¢]
& 0.2-
E 0 . - . - . . , 0.0
E 1700 1800 1900 2000 — 1 - 1 . 1 - T
& 5.0x10 1.0x10 1.5x10 2.0x10 2.5x10
year
Primary energy consumption /kcal.capita™.day”
Evolution of the consumption of primary energy per capita & day * 2 and of
the human development index (HDI)? in USA since 1700 HDI versus primary energy consumption

1850 - 1970 : industrial development and growth of energy consumption
=>» economic & social development
=>» waste of natural resources, pollution, climate change, etc.

1. White, L. A., The Evolution of Culture: The Development of Civilization to the Fall of Rome; McGraw-Hill, 1959.
2. Kremer, M., Quaterly Journal of Economics 1993, 108, 681-716.
3. Goklany, I. M., The Improving State of the World: Why We're Living Longer, Healthier, More Comfortable Lives on a Cleaner Planet Cato Institute, 2007.



The global context: origin of the climate change

The Greenhouse effect

Some solar radiation is
reflected by the aimosphere

G“EE

Some of the infrared
radiation passes through
the atmosphere and Is

Solar radiation passes through ' greenhouse gas molecules. The
the clear aimosphere. mm i.h“mm#ﬂ'
Incoming solar radiation: earth’s surface and the troposphere.
343 Watt per m? ;

Human activities increase greenhouse gas emission

= climate change!!

GOz (ppm), N20 (ppb)

= (:‘:)2
350+ = (:}*Zl
] -N,O

%1 Start of industrial era

:W
GGy ARSI W,

250

[ 200

| 600

T T T
0 500 1000 1500

o5 a Globnlawuo;nurlwehmpum'lum

‘g-145

L
8

Difference from 1961-1990
(mm)
g o 8

(million km®)
(=]

1850 1800 1950

414.0

1135

| 2000

:-1 800
:-1 600
1400
:-1 200

1 000

:

Q.)

CHa (ppb)
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The global context: origin of the climate change
The 30 largest CO,-emiter countries

’»m? "
R % Emissions
2

Chiffres de 2013,
Royaume-Uni g2 ; _ éedusSud en millions de tonnes

AT E

Pologne Ukrame

Russie
1812

France 344 _
Espagne 240 @ ' | : 615 1246 JEIE
Italie 353 —

Etats-Unis
5233

Mexique @R

Avec plus de 500 millions
de tonnes de CO, rejetées
chaque année, le Canada ;)
arrive 10° dans le :
classement mondial...

En revanche, il arrive en 20°
place en ce qui concerne le

Emirats
arabes unis
185

:::r;g; td:.;] :onnes de CO, S
37 = 1 @ rachenchiiverr esicw 1ok et srwaup bty svis
Autres
e Electricity production + transport

> 50% CO, emissions —

?AV&VA thVAﬂ‘F&? VAY
L4 4 2 : ,

Industrie Our energy policy must be
manufacturiere
25% changed !!!

L4 4 2

Renewable energies

Agriculture /
sylviculture
2%




Renewable energies and the need for their storage

o e solaire (MW)
2005 : 25
2009 : 332

l v Renewable electricity is
intermittent...
l les 81 ... storing it (large amounts &
. 2009 : 4621 1
2020 : 25000 Objecti : B e 1 long term) is mandatory !
23% 2005:25349 i |

d'énergies 2009 : 25688 4
2020 : 28300 ERY

.\ | Géothermie et
' 1 |\ pompes a chaleur (ktep)

LU L 2005:206
\ % 2009:915 t
|\, 2020:2350

Biomasse
chaleur (ktep)
2005:9153
2009 :9776
2020 : 16455

ZON

» Pumped hydroelectricity (dams +
reversible turbines) — saturated...

> Batteries — too costly and not durable

» Water electrolyzers + Fuel cells ‘

12 16 20
Temps (heures locales)

lllustration of the intermittency of photovoltaic production
(Myrthe site, Corsica, France)

12 18
Temps (heures locales)



Water electrolyzers & fueI ceIIs coupled to renewable energies

4 UNIVERSITA  UMR CNRS 6134 - Sciences Pour I’Environnement
DI CORSICA

&2 PLATEFORME MYRTE

d PASQUALE  Mission hYdrogéne Renouvelable
PAOLI pour |’inTégration au réseau Electrique

Elecfﬂplyie (PEM)

- S |

Solar panels

'r"- -_ =




Water electrolyzers & fuel cells coupled to renewable energies

UNIVERSITA
DI CORsICA

i

Batiment expérimental : i

Accés pompiers
Electrolyseur & PAC-PEM o ~Stockage H

» 560 kW production (peak)

¥
e

» Instantaneous consumption + excess???

UMR CNRS 6134 - Sciences Pour I'Environnement

PLATEFORME MYRTE

PASQUALE  Mission hYdrogéne Renouvelable
PAaoLl pour l'inTégration au réseau Electrique
. O,+2H
Key figures of MYRTHE 2 2
/2 > 9000 m? solar panels _ P4.G + PEMFC

enables to adapt the
production of

*  » Electrolyzer + storage (40 bar 2 H, + O,)

ma > Storage 2 H, + O, < 22 h autonomy of PEMFC

" | » Fuel cell (PEMFC) 200 kW

» Enables electrical production peaks (when
necessary)

electricity to the
demand without
oversizing the solar
panels...
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The small world of PEMFCs: mobility and stationary power

Fuel Cells and the Cars of Tomorrow: In France, since 2019

J

We are facing a whole new world...

FUEL z's';:
COOPERATION

I I cnrs
The French Research
network on Hydrogen energy

TOYOTA

@ airLiquide

ALSTOM
Worldwide, before 2019 mnhngrhygure I:SA Hﬁy@ﬂ RENAULT

Courtesy of Plamen Atanassov — UCI, USA o 77 ~ARPUA

‘f' SYMBIO M ‘faurecia & SAFRAN
T ——— NICHELIN b 31

inspiring mobility

A TR AR A
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