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Contexte LEPMI

Grenob:’é Chambéry

» Utilisation de CH, dans le compartiment anodique d’une cellule SOF
o CH,?
— - Gaz abondant : gaz naturel, biogaz (40 - 60 % CH,)
- Utilisations multiples : par exemple, synthése de C,H,

e Ethylene C,H,?
— Matiére premiére pour I'industrie pétrochimique M - 2018: ~ 185 10° tonnes

Natural gas; - 2023 : ~ 260 108 tonnes
Blogas,
Methane clathrates/hydrates. - 2030 : ~ 290 10° tonnes
Direct routes & — oz O PO - _
Quxarve couping ‘ Harber-Eosch i
C; hydrocarbons - Methane : Ammonia
C; hydrocarbons/ . comNg ? R r
ocarpons COURING e‘orm | Fischer-Tropse
25y 2 ﬂ CO+Hz L% Hydrocarbons
Aromatics o Syngas |
{ ] eT ’
Methanol/ Fa13! oxgaton ' OX0-DrOCess Methanol/
Formaldehyde i ‘. Higher Alcohols )
iNp R > mais @
V.V. Thyssen et al., Chemical Reviews, 122 (2022) 3966-3995 Grenoble Alpes




OXIDATIVE COUPLING OF METHANE (OCM)
“Couplage Oxydant du Méethane”

The OCM reaction can take place with different oxidant species (such as O,, CO,, N,O, etc.);
It occurs in two stages:
(i) The heterogeneous step -> formation of ¢CH, in the gaseous form via CH, hydrogen abstraction by
active oxygen species available on the surface of catalyst;

(ii) The homogeneous step - the *CH, is coupled to another ¢CH,, forming the primary product C,H;
that is dehydrogenated to C,H,.
STEP a: M*O- (catalyst) + CH
STEP 2: 2°CH, — CHg
C,Hg (g +O — "C,H, +OH
"C,H.+O0"—>OC,H, +e-

OCZHS' — C2H4 @t OH-

oot — M*OH" +*CH
d 4 (9) 3
2% step

Bilan : 2CH, + 0, 2 C,H, + 2H,0 ()

Lunsford, J. H. Angewandte Chemie International 34(9), 970—980 (1995).

O, Lattice oxygen O, Oxygen Vacancy




OXIDATIVE COUPLING OF METHANE (OCM)
“Couplage Oxydant du Méethane”

Difficult activation of CH, — high stability

High operational temperature (700 — 900°C) CH,+20,—CO,+2H,0
Oxidation parallel products (CO, CO,) + C3+./ CH,+0,—>CO+H,0+H,
decrease in C, selectivity CO + %20, — CO,
Risk of explosion with the co-feed of CH, /O, CH,+H,0 —3H,+CO
mixture C,H, +2H,0 — 4H, +2CO
CH,+20,—2C0+2H,0
CH,+30,—2C0O, +2H,0

Reactor hot spots

How to make this process viable?

O, Lattice oxygen 0O, Oxygen Vacancy




Electrochemical Oxidative Coupling of Methane (EOCM) : SOFC Reactors
1) Catalytic Anode 2) Catalytic Anodic Membrane

COHO L, =~ == ﬂ

Nickel based anodes
+

Fuels containing carbon

: Therrr.lal comp.a.tlblllty CH,+Ni—C-Ni+2H,
. Chemical stability

. _Porosity Coke deposition




Electrochemical Oxidative Coupling of Methane (EOCM) : SOFC Reactors
1) Catalytic Anode 2) Catalytic Anodic Membrane

A strategy to avoid deactivation and improve the efficiency of SOFC

2CH,+20% - CoHy +2H,0 + 4 €”

node - -
T o T Electrolyte CH4 + H,0 —» Hy + CO Catalytic layer

Cathode

2 _ Anode
Hy + 0 > H,O+2e

Five basic requirements that an anode must satisfy: T

0% T Electrolyte

1 Catalytic activity |

% 0,+ 2" — 0%

. Thermal compatlblllty

. Chemical stability » In this case, the catalyst has two roles:

. Porosity steam reforming and OCM

. Electronic conductivity |
S ——— -




Electrochemical Oxidative Coupling of Methane (EOCM) : SOFC Reactors

2) Catalytic Anodic Membrane
A strategy to avoid deactivation and improve the efficiency of SOFC

[ Internal Reforming ]

CH,+H,0—3H,+CO
CO+H,0—-CO,+H,

Hy+ 0% — H,0 426" \ [ Oxidative Coupling ]

t o 1 2CH, + CO, — C,Hq + H,0+2CO
2CH, +2C0, —» CH, +2H,0+2C0

% 0, + 2 — O

Development of active catalytic materials for both reactions:
Oxidative coupling and internal reforming of CH,
to be used as a catalytic layer in a SOFC




CATALYTIC MATERIAL

Thermal and Mechanical Stability
Suitable alkaline sites
Selective mobile oxygen sites

_ Mixed oxide
Structural defects and oxygen vacancies

CzHe [ Laxcel-xoz-S ]
Hz"d step
vy
\ CzH4

H La,O, CeO

7 Alkalinity 7 Conversion
1 Selectivity | Selectivity

2

O, Lattice oxygen 0, Oxygen Vacancy

ORTIZ-BRAVO, C. A. et at, Journal of Natural Gas Science and Engineering 2021 (96)




La,Ce, O, (0<x<0.7) system

XRD: Solution Solide .
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Electrical Conductivity
Fluoryte + C-type

. . Temperature (°C)
cristaline structure Air, 800 °C w0 850 800 750
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log o, (Q*.cm™)
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Increase C, selectivity, while keeping its activity
on CH, activation.

TRINDADE, F. et al. Paper under writing process.




CATALYTIC MATERIAL

Acidic sites Amphoteric sites

A,

Basic sites

Mixed oxide

[ La, ;Cey 50, 75 ]

( i

; Y (
CH4+ 02 .

(CH,+ Oy, .

LV—

low &
mediur
basicit

La,O, CeO,

1 Alkalinity T Conversion

CH,+ 0, |G

1 Selectivity | Selectivity

strong
basicity
y

null interaction weak interaction

>|€

Wi & strong

Improving the alkaline sites

by doping process
i~

PAPA, F. et al., Journal of Molecular Catalysis A: Chemical (346), 46-54 (2011)




CATALYST PREPARATION COMBUSTION METHOD

Combustion reaction As-prepared powder

n

LCCaO-25 Characterization
Cal. 800 °C (Sge7 = 8 m?/q)

EOCM tests

LCCaO-50 2

VILELA, V. B. et al, ECS Trans 103(1), 1917-1925 (2021)




Caz*-doped LCO samples

XRD

CO%

= | CO 1586
s L CCa0-25 0,
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Similar behavior . .
of La3*-doped — Ca?* content V, formation
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CO,-Temperature Caz*-doped LCO samples
Programmed Desorption |
@ Ircelyo N Ph.D. Antoine SALICHON

Dr. Stéphane LORIDANT
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Electrical Conductivity (EIS) Ca**-doped LCO samples

fCa2+ content ‘ Cionic
gicengs T 1w »C-type structure contibutes to theV,

I reeay ordering, reducing the ionic mobility.

i A Lccao-50 i
Air, 800 °C

14 ¢ ¢ x=0.15
® x=0.30
® x=0.50

Similar behavior of
La3*-doped CeO,
samples

2.5 2.0

. L | Internal I
0 10 20 30 40 50 60 .
20 20 15 10 - La®* content (% mol) Refo rmin

log pO, (atm) CH,+H,0—3H,+CO
- A i . 4+ 3+ = .
»Atmospheres reductrice : Ce4* —5.Ce Selectivity? CO+H,0—-CO,+H,

»Creation desV,_

[ Oxidative ]
Coupling
2 CH, + 0, 2 C,H, + 2H,0

O__augmente Oi,nic (~ stable ou diminue)




The Catalytic Activity

OCM test conditions

CH,:0, molar ratio - 4:1
Reactor feed - 60 mL.min*
50 mg of catalyst
Temperature - 750 °C

During - 20 h

LCCaO-25
Lao.5ceo.44cao.0601.75

Lao.5ceo.38cao.1201.75

LCCaO-5o

Schematic of the heterogeneous catalysis test system
with an online gas analyzer (GC/MS)

¥

Gas mixer

1]
\/
A
/-
Quartz
E reactor

CH, conversion — Xy, (%) =100 X molesCH =~ molesCH, eeq)

4(consumed)

O, conversion — Xg, (%) =100 X molesO ~— molesO,teeq)

2(consumed)

C, selectivity — S¢, (%) =100 X (2 X molesC, ¢, neq)) + MolesCH, ;. umed)

CO, selectivity — S, (%) =100 X molesCO -~ molesCH

x(formed) 4(consumed)

Yield— Yy (%) = Sy X Xy,



Ca2*-doped LCO

sz selectivity
Doped-LCO: 750 °C, 4CH,:10,, 50 mg

SCOx sz YIE|d
| ‘ CO, selectivity

SCOx : :
SCOx
XCHg XCHg XCHg4 SCOx
SC3+ ' : :
-

- ' - Ca2*-doped LCO

LCO LCCaO-25 : LCCaO-50

20% 19% 9% 1 V, formation
37% 26% 17% f V, ordering

470 6% ‘ Oionic

BXCH; mSCz mSCOx mSGC3+ . .
f Strong basic sites




Au wires _ Spraycoating
| —CL: | LCCaO-50~ 20 um deposition

——CA: 60NiO-40YSZ, ~ 40 um

FA: 40NiO-60YSZ, ~ 10 um
YSZ, ~ 400 pym - Screen-printing

deposition
FC: 50LSM-50YSZ, ~ 10 um
—— CC: LSM, ~ 40 pm

» Diameter Electrolyte =19 mm
» Diameter Electrodes =12 mm

Cathode

Mag= 80X Signal A =BSD
EHT = 10.00 kV WD = 85mm




¥

Gas mixer

Methane

|

Cathode
Au collector

Y —
:‘> Gas difuser

» Cathode

Anode chamber

o

Cathode chamber




Fuel Cell Characterization

Symmetrical cell (LSM | YSZ | LSM)

| OCV, 800 °C, 90 ml.mint Air
Temperature — 800 °C L o Lsmso

Anodic side — H,/He (10/90%), 5o mL.min™*
Cathodic side — Synthetic air, 9o ml.min*

1.4 200 o 10% Hz
] 10* Hz

180 _ R, =0.650.cm?

1.2

0.0 s s s
160 0.0 0.1 0.2 0.3 0.4 0.5
Z' (Q.cm?)

=
o

140

120

o
o]

Fuel Cell

| OCV, 800 °C, 10%H,, 50 ml.min™*

100

o
o

80

Voltage (V)

60

o
N
Power density (mW.cm)

. 40
02} @ 1
20

o .
| 2 T T R SR S S S 0 / .
0 50 100 150 200 250 300 350 400 : N 0.78 Q.cm

Current density (mA.cm?) 2 13 14 15 16 17 18
Z' (Q.cm?)




EOCM Tests

LCO
Total amount of oxygen feed for the EOCM
tests is related to the applied current, and it ‘ Synthetic air, 90 mL.min

can be calculated by the Faraday law. '»—\C‘\‘f 800 2C
0)

LCCaO-50

J(mol.s?) =1+ (2xF)

Test condition |l

LCO

Synthetic air, 90 mL.min! LCCaO-50
800 C




EOCM Tests

C,H,, LCCa0-50
R AAAAAAAAAALLALLALAQALA

C,H,, LC

Applied current
Higher the current:

C,Hg, LCCa0-50
A ® vvvvvvvvvaVVVvWVVWVVVv

I e .
| h .. II i § C. selectivity

=.
XCHg SCOx YCOx SH2 o8

Signal GC (surface area)
S
8

0 20 40 60 80 100 120 140 L .
E20mA-LCO 32% 30% 9% 50% Time (min) C OX se | e Ct I V|ty
m20mA - LCCa0-50 31% 20% 6% 52%

100%

o 2) Ca-doping

80% enCoH, LCCAO:50
f C, selectivity
- C,Hg, LCCa0-50

AAAAAAAAAALAA, 44,/

70% g i

60%

50%

4,0%

& I II

20% " AAAAAAAAAAAAAAS 444 .

o yyvvvyvvvy

12%[: I N . ! 000000°0°900000000°%0000| C 2 H 4 /C 2 H 6 rat 10
XCHg SCOx YCOx SH2 °° CaHe, LCO

m 40mA-LCO 29% 37% 10% 58%

W 40mA - LCCaO-50 33% 37% 12% 53%

AAA A AAAA

Signal GC (surface area)

60 80 100 120 140
Time (min)




Conclusion LEPMI

| Grenoble - Chambéry

Cas*-doped La, 5Cey 50, 75

Formation de lacunes Diminution de o, Matériau
d'oxygene ordonnées + (Lacunes d’oxygéne moins + Basicité augmentée
(DRX et RAMAN) mobiles)

» Tous ces facteurs ont conduit a une activité catalytigue améeéliorée pour la réaction OCM
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» LCO et LCCaO-50 sont actifs comme couche catalytigue pour les deux
reactions : OCM et reformage interne.

> La sélectivité des produits C, dépende du rapport O%/CH, :
teneur en oxygene plus élevée favorise l'oxydation profonde conduisant au
reformage (CO + H,).

» Des rapports C,H,/C,H; et une sélectivité C, plus élevés ont eté obtenus avec

LCCa0-50.
INP AL ipen wﬁ Ircelyon ucaA @R

UGA



Perspectives

e EHT + OCM
- anode :
2CH; +20% - C,H,+2H,0+4e"
- cathode:
2H,0+4e - 2H, +20?%
]

CH,

C2H4, Hz 0] / '-LI ..x"1 HZ

Anude' ' Cathode

« J.T. Grant et al., Chemical Reviews, 118 (2018) 2769-2815

S—

I. Garagounis et al., Industrial Engineering Chemistry Research, 50 (2011) 431-472

L

Butler et al., Renewable and Sustainable Energy Reviews, 82 (2018) 2440-2454

LePI\/II

Grenoble - Chambeéry

— diminution de Veule

1/2
ocv =g+ T in (PHZ x (Po,) )

2xF Pi,0

H,0 +2e~ — 2H, + 0%~

- 1 -
0%" > - 0;+2e

Vcellule : 0, 8 — 1: 1V

Projet (sep 2023 / sep 2024)
LEPMI (Labex CEMAM) - IPEN (CNPQ-Breésil)
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Université
Grenoble Alpes
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Architecture
— - anode : composite MIEC/LCO
- cathode : MIEC dopé avec cation métallique (m-MIEC)
Anode -
— - imprégnation d’une couche poreuse
de MIEC
- nanoparticules de LCO
Cathode
— - réduction de m-MIEC

(e)

Deposited

Exsolved

socket

- nanoparticules métalliques (Fe, Ni)

Eteclrolytp

Screen

prmtmg Smtormg

V. V. Thyssen et al., Chemical Reviews, 122 (2022) 3966-3995

L. Santos-Gomez et al., Journal of Power Sources 507 (2021) 230277

J. Kim et al., Applied Catalysis B: Environmental, 321 (2023) 122026
fnﬁ' ahvewsiaeof Power Sources, 305 (2016) 168-174

w%ﬁ&ge JEQergy 27 (2016) 499-508

ng et al., Catalysis Today 409 (2023) 71-86
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La3* content
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Intensity (a. u.)

La Ce, O,
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