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a few remarks …

mitigation of CO2 anthropogenic emissions ?

storing renewable energies into chemical bonds for producing

commodity chemicals, fuels, pharmaceuticals

electrifying our activities (industry, transportation, heating …)

using CO2 as a renewable feedstock for a circular economy

(NO, because of the order of magnitude and time scale …)

Catalytic recycling of CO2 [artificial photosynthesis]



Renewably powered (photo)electrosynthesis will displace 

petrochemical processes : a Revolution, not an Evolution

Polymers,

Drugs,

Fertilizers

Methanol Methane

[adapted from Science 2019, 

364, 6438, eaav3506]

(Photo)



The CO2 clock

ACS Energy Lett. 2016, 1, 281 
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Catalysis is mandatory.

What operating 

constraints ?

- earth abundant metals

- ambient T and P

- water as solvent



Molecular catalysis of the reduction of CO2

Electrochemical

(or light driven electrochemical)

Molecular Catalysis

Low oxidation states of transition

metal complexes in solution
e-

H+

CO

CO2

HCO2

-

C2O4

-

(CH3OH, CH4) …

Electrode/

Excited state

of a sensitizer

Hybrid systems combining

conductive (semi-conductive) materials

and molecular catalysts

Chem. Soc. Rev. 2013, 42, 2423

ACS Catalysis 2017, 7, 70

Chem. Soc. Rev. 2020, 49, 5772 

Electrocatalysis

Noble metals (Au, Ag, Pd), Cu, Sn

as catalytic electrodes



Catalysis of the electrochemical reduction 

of CO2 to CO – What metals ?

Lehn, et al. J. Chem. Soc. Commun. 1984, 328

Meyer, et. al, J. Chem. Soc. Commun. 1985, 1414

Lehn and Meyer reported that Re(bipy)(CO)3Cl 

catalyzed the reduction of CO2 to CO 

with 98% current efficiency 

in DMF:H2O 90:10 solutions 

@ glassy carbon electrode 

• Rhenium (Re) : 3 000 €/kg , 53 t/yr

(Chile, USA, Kazakhstan, Poland)

• Cobalt (Co) : 28 €/kg , 55 103 t/yr

(RDC, Zambia, Cameroun, Finland)

• Tin (Sn) : 24 €/kg , 0.37 Mt/yr

(Indonesia, China, Peru)

• Copper (Cu) : 10 €/kg , 4.5 Mt/yr

(Chile, Peru, China)

• Iron (Fe) : 0.16 €/kg , 2400 Mt/yr
(China, Australia, Brazil, India)

Towards the use of cheap, non toxic, 

and abundant transition metals 

• Ruthenium (Ru) : 2 400 €/kg , 12 t/yr

(South Africa, Russia)

• Manganese (Mn) : 1.8 €/kg , 55 Mt/yr

(China, South Africa, Australia)

• Nickel (Ni) : 16 €/kg , 1.3 Mt/yr

(Russia, Australia, Canada, France)



A few constraints

- use Earth ‘abundant’ metals [Fe, Co*]

- work in mild conditions (T and P)

- water is the solvent

Molecular catalysis of the reduction of CO2

Chem. Soc. Rev. 2013, 42, 2423

ACS Catalysis 2017, 7, 70

Chem. Soc. Rev. 2020, 49, 5772 

*Ag, Au and other noble metals are not abundant metals…

Cu, Co, Ni, Mo, Zn, Sn, Bi are not either



bio-inspired Fe porphyrins as CO2 catalysts

hemoglobin



Transformation du CO2 en méthane (CH4) à l’aide de lumière solaire

et d’une molécule à base de fer (métal le + abondant sur Terre)

Nature, Juillet 2017 Génération d’un « carburant solaire »
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Les électrolyseurs à CO2

Electricité

O2

CO

CO2
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Etablir un cycle local du carbone

Faible coût logistique

Maintenance abordable

Production abordable

Procédé On / Off

Recyclage de CO2

Grande pureté
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Quelques ordres de grandeur 

Transformer 1 kgCO2 avec une sélectivité de 90 %

Demande 7 kWh (1,4 kAh – 5 V)

Produisant 0.63 kgCO & 0.36 kgO2

Gaz Masse molaire 
g/mol

Densité kg/m3

CO2 44 1,808

CO 28 1,145

O2 32 1,309

CH4 18 0,65

C = 96 485 C/mol

2 e- par CO

8 e- par CH4

Transformer 1 kgCO2 avec une sélectivité de 90 %

Demande 27 kWh (5,4 kAh – 5 V)

Produisant 0.41 kgCH4 & 0.72 kgO2

55 mL/h

1 cm²
Stack de 

5 x 100 cm²
1 m²

1 mg/h

28 L/h

0,5 g/h

550 L/h

1 kg/h

CO2 transformé
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30 t/an

5 électrodes
1 m²

300 t/an

50 électrodes
1 m²

6 t/an

1 électrode
1 m²

Quelques ordres de grandeur (suite) 
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Molecular electrocatalysts can mediate fast, 

selective CO2 reduction to CO in a flow cell

Molecular 

catalyst
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view



Drop deposition Solvent evaporation Dry film

Carbon paper Carbon paper Carbon paper

Drop deposition Solvent evaporation Dry film
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+
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Molecular electrocatalysts can mediate fast, 

selective CO2 reduction to CO in a flow cell

Molecular 

catalyst

Flow cell optimisation comprises:

• CO2 (flow, humidity)

• GDL

• Catalyst

• Electrolyte (cation, flow, 

temperature)

• Membrane



the CO2 electrolyzer

Science 2012, 338, 90

Science 2019, 365, 367-369 

Nature Commun. 2019, 10:3602 

6 patents – 1 start-up (Carboneo)

Ultra-efficient CO2 to CO conversion : jCO > 450 mA cm-2 in a flow cell @ pH 7

*metal (Fe, Co) complex

deposited at carbon paper

*



next step, the CO2 electrolyzer to CH4
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Global scale energy demand

A. L Moore et al., Chem. Soc. Rev. 2009, 38, 25.

« Global energy demand is projected to increase by 57% in 26

years, from 14.9 terawatt (TW) in 2004 to 23.4 TW in 2030. »

« Towards these ends, numerous technologies will have valuable

application within the local context. However, at the global scale,

sunlight is one of the few energy sources that can meet projected

human energy demands in an environmentally and socially

responsible manner. Solar energy reaches the surface of the earth

at a rate of 120 000 TW, far exceeding the global rate of human

energy consumption. »



Use solar energy ? 

So we need being able to store it ! 

Molecules are ideal candidates to do so

… in particular CO2



Renewable (Solar) fuels before the renewable (solar) fuels …

Ciamician, Science 1912, 36, 385 

By using suitable catalyzers, it

should be possible to transform

the mixture of water and carbon
dioxide into oxygen and methane



Molecular electrocatalysts can mediate fast, 

selective CO2 reduction to CO in a flow cell

Micro Flow Cell® electrolyzer

(ElectroCell, Denmark)


