Electrocatalytic reduction of carbon dioxide
The electrocatalytic reduction of carbon dioxide is governed by the reduction potentials to specified product and a simple compilation of the selected reductions are given in the following table.
	Electrode Reaction
	E0[V] vs SHE at pH 7

	CO2 + e-  → CO2-
CO2 + 2H+ + 2e- → HCOOH
CO2 + 2H+ + 2e- → CO + H2O
2CO2 + 12H+ + 12e- → C2H4 + 4H2O
2CO2 + 4H+ + 4e -→ HCHO +H2O
CO2  + 6H+  + 6e-  → CH3OH + H2O
	· 1.9
· 0.61
· 0.52
· 0.34
· 0.51
· 0.38



It is seen that the reduction potentials are close to each other and hence in general sense the selective formation of a particular product is difficult.  Among the various methods that are available namely catalytic, electrocatalytic, photoelectrochemical and biochemical processes, electrocatalytic method can be advantageously utilized for selective formation of methanol possibly with traces of various other reduction products like ethylene, ethanol, methane and other products and the direct reduction of carbon dioxide is difficult with high reduction potential of -1.9 V since the simultaneously solvent reaction will also compete.  
In the case of electrocatalytic reduction of CO2 there are various attempts and a summary is attempted in the following chart.
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The proposed experimental conditions and the analysis of products will be carried out using gas chromatography. Typical experimental conditions that will be attempted is given in the following chart.
                    [image: ]
Detailed studies will be carried out with respect to prolonged electrolysis and the deactivation and Faraday efficiencies will be optimized.  Essentially the reasons for the deactivation due to preferential reduction of various species in the solution will be elucidated. 
Other details of the study will be outlined in greater detail in a complete project proposal.













CATALYTIC REDUCTION OF CARBON DIOXIDE
Catalytic reduction of carbon dioxide has many hurdles among them the main reason is the adsorption and activation of a catalytic surface.   Generally, carbon dioxide is an acidic molecule in its behavior and hence requires basic sites for its activation whereas hydrogen activation requires metallic sites for its dissociation and subsequent hydrogenation. The choice of catalyst surface therefore has active sites to promote both the substrates namely, carbon dioxide and also should generate hydrogen from the species either molecular hydrogen and from the other species employed like solvent.   Since this situation warrants two opposing types of active sites, designing a suitable catalyst system to promote both the activations is most difficult and challenging. Secondly, since a variety of reduction products are possible as deduced from the reduction potentials, the catalyst design should be based on the desired product slate. In Table 1 the various possible processes for CO2 conversion are given. In Table 2 all possible reduction reactions of carbon dioxide are summarized.
Table 1 The attempts/activation procedure employed to reduce carbon dioxide to useful chemicals.
	Process
	Representation

	1. Radiochemical
	CO2   →   HCOOH, HCHO (γ irradiation

	2.Chemical Reaction
	2Mg + CO2             2MgO  + 2C
Sn + 2CO2               SnO2 + 2CO
2Na  + 2CO2            Na2C2O4

	3. Thermo-chemical
	    Ce4+ ; T > 9000C
CO2                      CO  + 1/2O2

	4.Photo-chemical
	               hν
CO2                    CO, HCOOH, HCHO

	5. Electrochemical
	CO2  +Xe-  + XH+ →  ev CO, HCOOH, (COOH)2

	6. Biochemical
	                   Bacteria
CO2 + 4H2                    CH4  + 2H2O

	7. Bio-photochemical
	                                         hν
CO2 + Oxoglutaric acid             Isocitric acid


	
	

	Table 2 Reduction potential values for Carbon dioxide 
	Reaction
	E0redox  in eV 

	CO2 +  e → CO2-
	 ≥-1.9

	CO2 + 2H+ + 2e → HCOOH
CO2 + 2H2O +2e → HCOOH_ + OH-
	-0.61
-1.491

	CO2 + 2H+ + 2e → CO + H2O
CO2 + 2H2O + 2e → CO + 2OH_
2CO2 + 2H+ + 2e → H2C2O4
2CO2 + 2e → C2O42-
	-0.53
-1.347
-0.913
-1.003

	CO2 + 4H+ + 4e → C + 2H2O
	-0.20

	CO2 + 4H+ + 4e → HCHO +H2O
CO2 + 3H2O + 4e →HCHO + 4OH-
CO2 + 2H2O + 4e → C + 4OH__
	-0.48
-1.311
-1.040

	CO2 + 6H+ + 6e → CH3OH + H2O
CO2 + 5H2O  + 4e →CH3OH +6H2O
	-0.38
-1.225

	CO2 + 8H+ + 8e → CH4 + 2H2O
CO2 + 6H2O  + 8e → CH4 +8OH--
	-0.24
-1.072

	2CO2 + 12H+ + 12e→ C2H4 + 4H2O
2 CO2 + 8H2O + 12e→ C2H4 + 12 OH—
2CO2 + 12H+ + 12e→ C2H5 OH + 3H2O
2CO2 + 9H2O +12e→ C2H5 OH + 12 OH--
	-0.349
-1.177
-0.329
-1.157

	2CO2 + 14H+ + 14e → C2H6 +4H2O
	-0.270

	3CO2 +18H+ + 18e → C3H7 OH +H2O
	-0.310



	

	
	

	It appears that the selection and design of catalyst for this reaction will be a difficult proposition.  Above all, the specification of experimental conditions for a selective product formation is almost impossible, though the predominance of a product may be possible by suitable choice of the active component.   It is on this basis the copper supported on materials like alumina, titania and the experimental conditions of around 620 K will be optimized with respect to methanol formation.   Detailed studies will be carried out with design of catalyst reactor to be fitted into the configuration of the desired situation.





Photocatalytic reduction of carbon dioxide
Photo-electro-catalysis-(PEC) is a combination of Photocatalysis    and Electrocatalysis.   In general PEC cell consists of an anode and cathode, suitable electrolyte and a potentiostat for applying bias voltage.  Light energy is used to generate charge carriers and bias- potential is applied for their transport.  Reduction and oxidation processes occur at different sites, at cathode and anode respectively CO2 is reduced at the cathode to hydrocarbons using the protons generated at anode by oxidation of water.  p-type semi-conductors are used as photo cathodes and n-type as photo anodes. Four different configurations for PEC cell are possible. Primary challenges in these processes are: (1) Developing materials with sufficient photo-voltage to electrolyze water. (2) Developing photo anode materials that absorb maximum light energy-generation of excitons. (3) Minimization of internal resistance losses. (4) Developing electrodes with long lifetime (particularly corrosion life). (5) Developing suitable electro catalysts as cathode and maximization of photon utilization efficiencies (6) p-type unstable under electrolytic conditions and require higher bias potential (7) n-type semiconductors are stable- No photo corrosion. Selection criteria- VB energy level suitable for water oxidation and higher Visible light utilization like Doping, Sensitization and SPR induced Water oxidation  and CO2 reduction functions are separated. CO2 reduction at cathode- several designs are possible, better product selectivity. There are various electrode materials that have been tried and a few of them are given below: Barium tantalate- Ba5Ta4 O15 co-doped with N & Fe; N,S & Fe co-doped meso porous titania; Au-N & Fe co-doped Na(1-x)LaxTaO(3+x); Au-N,S & Fe co-doped Sr3Ti2O7 ; Au-N,S & Fe co-doped La2Ti2O7   and Sr3Ti2O7 sensitized with Cu phthalocyanine.
A typical cell configuration and the actual experimental set up employed are given in Fig 1 and 2
[image: ] 
Fig1.  
[image: ]
Fig 2 The laboratory based cell for photo-electrocatalytic reduction of carbon dioxide

	

	A typical set of results is given in following table 
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EXPERIMENTAL DETAILS
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