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Carbon based products are at
the core of energy systems

What is the place of carbon products in the French energy system?

Part carbonée
55.0

The consumption of primary energy in France (2900 TWh) relies for
40% on nuclear energy (for the production of electricity) and for 55% Ly
on carbon fuels w2

Pétrole

A third (1/3) of the uses of carbon products cannot be substituted with
carbon-free alternatives such as electrification, H, or batteries
technologies

B Déchets non renouvelables (0.7%) [ Pétrole (28.97%)

B Charbon (3.8%) B Gaz(15.78%) [ Biomasse solide (4.4%)
Biocarburants (1.3%) [l Hydraulique (hors pompage) (1.7%)

B Pompes achaleur (0.9%) [ Eolien (0.8%) I Autres (1.5%)

46 Mtoe of carbon-based products will need to be produced from B Nuciéaire (40.16%)
; ; th WSLI NIAGAZ2Y RS tF O2yaz2vYYl GAz
renewable energy and carbon sources to ensure services dealing with: France, pour un toal 2900 TWhen 2018 Données
y' Liquid fuels for long range transportation B i T e e e E A 85
. . . /| KATTNB & OfRiion R3S » dord¢eSDER A S
)f Production of materials (Steel, cast Iron, CementS) Commissariat général au développemeutrable.

@ y" Production of chemicals (plastics, agrochemicals, solvents, etc,)



The circular carbon
economy appears inthe
IPCC reports

ACarbon i1 s a key building b
chemicals, fuels and materials and will remain

| mportant (high confidence).

NThernse growing interest in Acircul ar
bioeconomyoconcepts applied to bio-based and
even a ftircular carbon economyo wherein
carbon captured via CCU or CDR is converted
Into reusable materials, which is especially
relevant for the transitions of economies | L
dependent on fossil fuel revenue.® U ~ i,

Working Group Il contribution to the
Sixth Assessment Report of the
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A linear carbon economy assisted with carbon

capture and storage ?
A Capture Energy
CCSCarbonCapture & Storage A
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Our vision: a circular carbon economy

A circular carbon economy _Photosynthesis

involves:
A A collection of technologies able < SETITE Energy
to convert CO, and its : ccU P
derivatives into useful products,
A Using low-carbon energies (incl. | \ \
renewables and nuclear), Blomass ~— . Chemicals !
A To achieve carbon neutrality polymers S
with a positive environmental . agrochemicals g~
and societal impact. / cosmetica ") .
A »
RecyclingFuels
_ methang
PV,wind » Mmethanol &
CCUCarbonCapture hydrocarbons
& Utilization
“i.. =
e'eCtrO'ySiSl Fossifesources
— Reduction ot
H Energyinput photo, electrq OX|dat|_on
2 bio. thermo combustion, \ 4
' mineralization
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Ressources are key in the Implementation of e -fuels

m
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Needs to comply with the ReFuelEU legislation in France, in 2035 and 2050:

Needs Resources
E-kerosene Industrial until 2040 Ultra-pure Renewable Intermediate product:
Atmospheric Deionized type 2 or Nuclear Electrolytic and low-

Biogenic more (ASTM standard) carbon H,
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Key chall enges ¢

A Accelerate the implementation of CCU products and in particular e-(bio)fuels by:

A Lowering production costs
A Minimising losses in carbon and energy, and use biomass resources optimally

A Minimising the overall environmental impacts of SAF/SMF
beyond the sole criterion of CO, emissions

2
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Our strategy . accelerate the emergence
e-(bio) molecules through R&D

2020 2030 2040 2050 Losses Losses Losses Losses
Intrants » / / / / Products
(CO,, elec. (sustainable
light, é) fuels and

molecules)

A generation of production of sustainable fuels, based on revisited, optimised
and integrated conversion bricks, to optimize yields and energy efficiency

2020 2030 2040 2050 Losses

Losses Losses Losses

Optimized Products

Intrants .

sustainable
(CO,, elec. ™ - 1guels and
light, é) WMIfe%

molecules)

A future generation of production of sustainable fuels based on disruptive and
innovative bricks, able to shorten value chains and maximize efficiencies

—

Losses

J

Losses Losses

Losses

Products

Intrants : : :
(CO,, elec. Disruptive brick (sustainable
l'ight, e) fuels and
molecules)

of

Support our industrial
partners with the
development of optimized
and integrated
technological bricks.

Intensify academic
research to propose
disruptive processes
capable of streamlining
and shortening value,,
chains.
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CO, stabllity

Frontier molecular orbitals

C-0:1.16 A

Entalpy of Formation [kJ/mol]

-100 ]
-200 3
-300
-400
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-700
-800 ]
-900
-1000 ]
-1100 1
-1200 ]
-1300 3

o 28Y &
O—C=—7/—0
- Non-polar

- Electrophilic at C (Lewis acid)
- Nucleophilic at O (Lewis base)

-1207
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CO, stability: kinetics and thermodynamics

Redox potentials
Multi-electron reduction of CO, in water (pH=7) vs. SCE

cop e =0l sy 0N \

CO,+2H +2¢ CO+H,0  E°=-076V a{/&% 7a, \ 46, @D >0
CO,+2H*+2e —» HCOOH E°=-0.85V 56, >R
N 2b, 27, U9 00

Ve U

CO,+4H " +4e — HCOH + H,0O E°=-0.72V

| 4b2
CO,+6H"+6e —» CH30H+H,0 E°=-0.62V g\ 1
) (\’
CO,+8H*+8e —» CH,+2H,0 E°=-048V 6a, In, 53 O
SH 0 Sa
1650.6 kJ mol! DS 000 *e
W
E SO |
tot W ST
QAR DMK
NV |
" .:-: ................ Q—O-Q
1604 kJ mol!

B oo

‘;_..-". .‘.-....
180° 1350



Chemical transformation of CO )

(" Physical energy
(electricity, light)

and / or

Exothermic
reaction

Chemical energy
(reactant:

H,, alkene, epoxide,
organometallics,
\- amine, etc.)

Products
(fuels, etc.)
A B
Endothermic
reaction
/ COZ """""""""""""""""""""""""""""""
Two energetic challenges: thermodynamic

and kinetic
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Chemical transformation of CO )

(" Physical energy
(electricity, light)

and / or

Exothermic
reaction

+< Chemical energy
(reactant:
H,, alkene, epoxide,
organometallics,
\-amine, etc.)

Products ‘2

(fuels, etc.) ‘2
A W
Endothermic
reaction

/ C02 ''''''''''''''''''''''''''''''''

Is CO , activation required ? ”7



CO, Activation by transition metals

@)
Ad 4
LUMO 82?28 » Lewis acid O//C Ad
0 O 0 (at C) /,O Ad @) /
e \ ""\"'U\/O tB
i t-Bu / -Bu
~ z
HOMO 0-c-8 —» Lewisbase oy O /\\Eh N
0 0 (at O) A N/
Aresta, 1975 t-Bu Meyer, 2004
— . —
O%Cf—')o Bimetallic activation h
5 0=C=0-~M
M n1C 1110 ﬂ /O\ /
Re=C 7Zr
COZ + M e OC\\\\/ \()/ | Vﬁ
ON Cl
0% 20 M pon’
I, /” O/ \\C)
' N Cutler, 1986
M 1120,(: C K2o,o




CO, Activation by transition metals

Reaction chemistry of metal complexes with CO,

B Reduction and reductive coupling

R R R
R % \ R
0 \U + 8 COZ \\O\ + Yo e O,/%
\O dg-toluene \ .
k%} -30t0 25 °C X} o0~ @ %;O/QS/RU
R
10e + 8 C02 4 CO3 + C404 ClOke 2009
B Insertion into reactive M-L bonds 0 A
Il C
H \ //C X (|)/ ~0
thP—Pd—PPh — —  Phy P—Pd—PPh CO; _ Phy pu nPth __ PhyP—Pd—PPh,

GO ko olo ol

+ Reductant

lwasawa, 2008




CO, Activation by organic compounds

B Activation by Frustrated Lewis Pairs (FLPS)

+CO, @

tBusP—>B(CFs)3 %fé’ tBusP + B(CeFs)s ~—= = BusPOs
80 °C, vacuum \f( g(C6F5)3

Lewis pair formation _CO O
prevented by sterics 2

Stephan, 2009

MessP—= AICI |
B Activation by nitrogen bases

©,
+ CO2 MeS3P\ //O\ N + CO2 N
7 NN )
H

SAICH N

MessP + 2 AICI, 3 NG
] _ Ephritikhine, 2010 070

+ NH3BH,4 phritikhine, + HBR,
- H2
wos Bt Yool ()
— _ N

Stephan, 2010 €St h, H@»;C OAICls NTON

H R B\ //C\
Cantat, 2013 25~ 7L
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Various opportunities to CO ,recyclinge

Energy
Carbon oxidation state

H Fuels Large scales (> 1 Mt/y)

5 ¢ . (very) Long term (>30 y) HH HH
wline>uls D

H | g o TN

! 8 Petrochemistry =

. OH | = H HH

T I i/ AN N
-1l EH\\VC\HE 5 . | ethers amines alkanes

o

0 g : : acetals imines ketones

LN

' H H: 5

o i A0 \
+/ -l . 90“6\(6 ; esters amides carboxylic

H /C\OH: D2 — acids

""""""" o 0 Value added chemicals

o  Horizontal utilization | I Small markets (1-1000 kt/y)
C// R. _C._ R _C_ Short terms applications (5-10 y)

V1 /° €0, Recycling O O HN NH

o 2 carbonates (€) urea (€)

| | -
| | | Functionalization
Cc-0 C-N c-c  C-0.CN CC

bonds formation

Cantat et al., Angew. Chem. Int. Ed. 2012, 51, 187
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CO, conversion using
catalysis : reduction and
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Available reductants for CO , conversion
E°(CO,/CH;0H) = -0.38 V
H" + e H> R3SiH R,BH
Electrolysis Hydrogen Hydrosilanes Hydroboranes
E°is fully tunable E°(H*/H,)=0.0 V E°(SiO,/SiH,) = -0.38 V E°(B(OH)3;/BH3) =-0.48 V

=-0.41V at pH=7 |

Electron transfer BDE(H-H) = 104 kcal/mol BDE(Si-H) = 92 kcal/mol BDE(B-H) = 78 kcal/mol

is critical
Fully renewable Renewable through water PMHS and TMDS are non-renewable
. (photo)electrolysis . disposable hydrosilanes
available on available on available on .
large scale 10-100 Mtons/year scale 10-100 ktons/year scale
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CO, electroreduction

Principle of CO, electroreduction

Multi-electron reduction of CO, in water (pH=7) vs. SCE

C02 + e —_— C02 E°=-190V

cat Kcat CO,
ker X COy,+2H"+2e ——> CO+H,0 E°=-0.76 V
) * T — °=._
ne cat" reduction products ~ CO2*t2H +2e HCOOH E°=-0.85V

CO,+4H*"+4e —— HCOH+HO E°=-0.72V

Electrode
NN N N NN

V (applied) E°(cat"0) E°(product/CO,) CO,+6H"+6e —— CH30H+H,O E®=-0.62V

CO,+8H"+8e ——> CH;+2H,O E°=-0.48V

2H " +2 e — H, E°=-041V

Review: Kubiak et al., Chem. Soc. Rev. 2009, 38, 89



CO, electroreduction

to CO

CO,+2H"+2e ——> CO +H,0 E°=-0.76 V
without CO,
-05 A0, () 151 E(Vvs NHE)
100

+ 0O +
LNi—C\/\ (LNi")a9s == LNi(CO)
O /(
OH'—>\
2+ D+
A= LNi
LNi—C=0 m
— NH HN
L = cyclam: [ j
NH HN

(b)

Te L{pA)

Voltammogram for the electroreduction of CO, catalyzed by
Ni(cyclam)?*

Overpotential: d=055V (V=-1.31V)
TurnOver Frequency: TOF = 1250 s

Sauvage et al. JACS, 1986, 108, 7460
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