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Of the many challenges in scientific advancement, the direct reduction of carbon dioxide occupies a unique position due to various reasons.   Among the various reasons, the prime concern is the increase in carbon dioxide level in the atmosphere which stands at 409.8 ppm in 2021, nearly 46 percent higher than the pre-industrial average of 280 [1].  The selected values of standard redox potentials for carbon dioxide half reduction are assembled in Table 1. Except the reaction 1 all other reactions have close values of reduction potential values and hence it difficult to carry out the reduction of carbon dioxide selectively by application of potential. The direct reduction of carbon dioxide (reaction 1 in table 1) requires large value of potential and hence from free energy stand point of view this is a very uphill reaction. 
Table 1. Values of  Redox Potentials for the Carbon Dioxide half reaction
	Reaction
	ER °, V vs SHE @ pH = 0

	CO2 (g) + e−→ CO2-∙•(aq)
2CO2 (g) + 2e− → (CO2 )22-(aq)
2CO2 (g) + H+(aq) + 2e− → H(CO2 )- (aq)
2CO2 (g) + 2H+(aq) + 2e− → H2(CO2)2(aq)
CO2 (g) + H+(aq) + 2e− → HCOO−(aq)
CO2 (g) + 2H+(aq) + 2e− → CO(g) + H2 O(aq)
CO2 (g) + 4H+(aq) + 4e− → H2 CO (aq) + H2 O
2H+(aq) + 2e− → H 2(g)
CO2(g) + 6H+ (aq) + 6e− → CH3OH (aq) + H2 O
CO2 (g) + 8H+(aq) + 8e− → CH4(g) + 2H2 O
CO2 + 2H2O +2e                 HCOOH + 2OH-
CO2 + H2O +2e                CO +2OH-
2CO2 + 2e                    C2O42-
2CO2 + 2H+ + 2e            H2C2O4
CO2 + 4H+ + 4e             C + 2H2O
CO2 + 3H2O + 4e           HCHO + 4OH-
CO2 + 2H2O + 4e             C + 4OH-
2CO2 + 12H+ + 12e            C2H5OH + 3H2O
2CO2 + 14H+ + 14e             C2H6 + 4H2O
	-1.90
- 0.64
-0.52
-0.48
-0.19
-0.10
-0.07
0.00
0.04
0.17
-1.491
-1.347
-1.003
-0.913
-0.20
-1.311
-1.040
-0.329
-0270


 
There have been many postulates to account for the difficulty of reducing carbon dioxide to useful chemicals. Among the various prepositions, the bond angle of 1800 in the free carbon dioxide molecule has to be reduced to tetrahedral angle in the reduced molecule and this reduction in bond angle is an uphill reaction.  The addition of an electron to carbon dioxide reduced the angle of OCO bond to 134o while the addition of an electron and a proton reduces this angle to 1100. The situations are shown diagrammatically in Fig.1.
 [image: ]
Fig.1.  One electron reduction of CO2 rehybridizes the frontier orbitals accounting for the anionic bent structure. A lower degree of rehybridization is required forming a sp3 hybrid, if the electron transfer is accompanied by a proton transfer. [reproduced from ref.1].

It has been visualized that the adsorption site geometry should be such that the bond angle can be reduced from 1800.   This means that the active site configuration (multi-site) has to be suitable for distorting the bond angle.  An imaginative structure model has been proposed in literature. This model is shown in Fig.2. Possibly it is presumed that the adsorption site is on a stepped surface.   However, it should be remarked that no one has yet supported this postulate.  Even though this postulate appears attractive, there is no experimental support to this postulate.
              [image: ]
Fig.2.  The imaginative configuration of adsorbed carbon dioxide on a specific configured metallic site [reproduced from reference 2].
The shapes of the frontier orbital of carbon dioxide and its possible binding to metal centres have been visualized and are shown in Fig.3. Even though the binding configurations show bond angle variation and also strain in the molecule, these binding states could not account for the inertness of carbon dioxide for reduction and formation of valuable products.

[image: Details are in the caption following the image]
Fig.3. The pictorial representation of the frontier orbitals of carbon dioxide and its possible binding configurations on a metal site [reproduced from ref.3].
Another mode of activation of carbon dioxide is to use them as a possible ligand in a coordination complex.   The first such attempt was the preparation of the complex, Ni (CO2)2(PCy3)20.75 toluene reported by Aresta et al [4].  The mode of bonding and the reactivity of coordinated carbon dioxide have been reviewed by Aresta recently [3]. 
[image: ]          
Fig. 4. Bonding modes of CO2 in various oxidation states at metal centers. [reproduced from reference 5].

These complexes may be involving one metal or two metal centers. However, even though there are a variety of possibilities of carbon dioxide ligated complexes, the success in reducing carbon dioxide to value added products seems to elude the researchers.
The simplest conversion of CO2 and any substrate RX (RX can be alkyl halides, alkenes, alkynes) to generate the product RCO2X at a transition metal centre is shown in Fig. 5

                                    [image: ]
Fig.5. Schematic representation of carbon dioxide insertion in a metal complex [reproduced from ref.6].

Kazuhide Kamia and coworkers [7] made covalent triazine frameworks that stabilized the nickel and cobalt centres without saturating their first coordination spheres, as well as nickel and cobalt complexes containing tetraphenylporphyrin supports, where the metal centres were coordinated to more ligands. The covalent triazine framework metal complexes had a lower free energy barrier for converting carbon dioxide to carbon monoxide. These results show that reducing the number of electrons in the outer shell of the transition metal species reduced the Gibbs free energy change and increased the metal’s efficiency for the reduction of carbon dioxide.   However, multiple reduction process appears to be still eluding.

The knowledge of CO2 binding and activation has considerably increased since the first stable CO2 complex [Ni(CO2)(PCy3)2] was structurally characterized more than two decades ago. Different binding modes of CO2 in mononuclear and polynuclear metal complexes have been characterized and spectroscopic methods are available to distinguish between them. Binding of CO2 to a metal centre leads to a net electron transfer from the metal to the LUMO of CO2 and thus leads to its activation. Accordingly, coordinated CO2 undergoes reactions that are impossible for free CO2.
Many stoichiometric and most catalytic reactions involving CO2 activation proceed via formal insertion of CO2 into highly reactive M–E bonds with the formation of new C–E bonds. These reactions might not necessarily require strong coordination of CO2 as in stable complexes, but are generally initiated by nucleophilic attack of E at the Lewis acidic carbon atom of CO2. Weak interaction between the metal and the lone pairs of one oxygen atom of CO2 may play a role in supporting the insertion process.
It may be necessary to emphasize that only if we understand the underlying principles of CO2 activation, can the goal of using CO2 as an environmentally friendly and economically feasible source of carbon be achieved. Although we are more knowledgeable about CO2 activation, the effective activation of CO2 by transition metal complexes is still a goal that is hard to reach and remains an exciting research area in organometallic chemistry.    According to the molecular orbital picture of CO2 the LUMO is antibonding orbital of σ and π characters.   This means that the metal centres in the complex should have the energy of the occupied orbital should be lower than that of the LUMO orbitals of CO2 so that charge transfer will take place from metal centre to the CO2 unoccupied orbitals thus facilitating the reduction.  This situation is normally difficult to achieve in practical systems. Therefore, it may be presumed that CO2 reduction may be difficult through the route of coordination chemistry.    For convenience, the molecular energy levels of CO2 are shown in Fig.6.It must be stated that this route is still available but innovation may be required to exploit this route.

                          [image: See the source image]
Fig.6. Schematic molecular orbital diagram for the molecule of carbon dioxide
Many studies are reported in the last several decades in the areas of CO2 reactivity and reduction, spanning most of the periodic table. In these studies, the emphasize has been on the later transition metals like Ni, Pd, Re and Ru, but the same is not true with early metals. These metals can reduce CO2 to yield various reduction products involving multi-electron transfer [8]. The Lewis acidity of early metals can allow for activation of CO2 through the oxygen atoms, which is generally unavailable to late metals. 
 Early transition metal complexes in high oxidation states with M–C bonds will insert CO2 into those bonds with ease, particularly if the complex is cationic. If there is more than one M–C bond, multiple CO2 insertions can occur. This type of reactivity is analogous to main group organometallics such as alkyl lithiums and Grignard reagents. A second trend is that early transition metal complexes in high oxidation states with M–H bonds are very potent hydride donors that can reduce CO2 past formate in many cases.  Early transition metal complexes in lower oxidation states are able to bind CO2 in a side-on fashion and many such complexes can cleave CO2 to CO and carbonate via reductive disproportionation.
 In addition, there are several examples of catalytic CO2 reduction that have been reported where there is absolutely no understanding of the reaction mechanism. Other areas of CO2 reduction by early metals remain mostly unexplored, such as the reductions with hafnium or chromium compounds. One area of research is the combination of early and late metals that may be the key to developing a stable and active system for CO2 reduction to valuable multi-electron reduced products such as methanol.
Let us consider the various possible routes for the reduction of carbon dioxide.   In Table 2 the most possible (selected) routes that are known till today are summarized. Even though, there are number of ways to exploit carbon dioxide reduction to produce useful chemicals, the success seems to be far from reality today. It may have to be remarked, that though there are various possible routes, one has to choose the appropriate one so that this process can be commercially exploited. In simplified scheme, the various possibilities are shown pictorially in Fig.7.  Essentially, it appears that the activation routes for carbon dioxide can be initiated either by photons, or by electrons, or by enzymes, or by surfaces or in homogeneous medium.  The value -product obtained depends on the activation route that is employed. The selection of the appropriate route depends on what one wishes to achieve, namely extent of conversion, or the selective product obtained, or the energy balance of the process or other process parameters advantage.
[image: ]  
Fig.7. Pictorial representation of the routes available for the conversion of carbon dioxide to value-added chemical production.
Table 2 The possible processes that are employed for the reduction of carbon dioxide to useful chemicals
Process                                                               Equation
    
1. Radiochemical                        CO2   gamma irradiation               HCOOH, HCHO
2. Chemical Reduction                2Mg +CO2                           2MgO + 3C;  
                                                  Sn   +2CO2                SnO2 + 2CO
                                                  2Na +2CO2              Na2C2O4
  3.Thermochemical                   CO2     Ce4+ ;  >9000                       CO + ½ O2  
 4. Photochemical                       CO2                                         CO, HCOOH, HCHO
 5. Electrochemical         CO2 + xe- +xH+                              CO HCOOH, (COOH)2
 6.Biochemical                    CO2+4H2                        CH4+2H2O
 7. Biophotochemical                CO2 + oxoglutaric acid       Isocitric acid
 8. Photoelecctrochemial          CO2 +2e- +2H+    CO  + H2O
 9. Bioelectrochemical          CO2  + Oxoglutaric acid       Isocitric acid
10. Biophotoelectrochemical  CO2 ,methyl viologen          HCOOH

Among the various options available for producing useful chemicals from carbon dioxide, one must select the one that is selective and also the net energy balance if favourable from cost point of view so that that process can be scaled up to the commercial exploitation  level.  From these considerations, one of the process to be chosen is the photoelectrochemical reduction of carbon dioxide.   These type of multiple probe of activation (in this case photons and electricity) may or may not be economically beneficial.   In such cases the selectivity will take preceedance over the cost.   Some of the values of reduction potentials are tabulated in Table 1.[extensive data on reduction potential values are available in ref 2 and others in literature].  It is seen that the values of reduction potential canbe used to achieve selective product of reduction. The basic principle in photoelectrochemical process is excitation by photons and charge transfer to the substrate.  However there are many sequence of steps are involved and these are pictorially shown in Fig.8.
         [image: ]
Fig.8.  Schematic representation of the processes that occur in photochemical process.1,2,3,and 4 represent the four different processes that are possible.

References
[1] Kailyn Y. Cohen, Rebecca Evans, Stephanie Dulovic, and Andrew B. Bocarsly, Acc. Chem. Res. 2022, 55, 944−954.
[2] Viswanathan B, Electro-catalytic reduction of carbon dioxide, in New and Future Developments in Catalysis, [Ed.S.L.Suip [Elsevier]] 275-295 (2013).; Indian J Chemistry A51A, 166-173 (2012);
[3] Michele Aresta, European Journal of Inorganic Chemistry, (2022); Doi.Org/10.1002 /ejic.202200321.
[4] M.Aresta, C.F.Nobile,V.G.Albano, E.Forni, M.Manassero, J. Chem. Soc. Chem.Commun.1975,636–637.
[5] Albert Paparo and Jun Okuda, Coordination Chemistry Reviews, 334, 136-149 (2017) 
[6] Xiaolong Yn and John R Moss, Coordination chemistry Reviews, 181,27-59 (1999).
[7]    Panpan Su, Kazuyuki Twase, Takashi Harada, Kasuhide Kamiya and Shuji Nakanishi, Chem. Sci., 9, 3941 (2018).
[  ]   Sara Navarro-Jaén, Mirella Virginie, Julien Bonin, Marc Robert, Robert Wojcieszak &   Andrei Y. Khodakov, Nature Reviews Chemistry volume 5, pages564–579 (2021).
[8 ] Kyle A Grice, Coordination Chemistry Reviews, 336, 78-95 (2017).


2

image4.jpeg
S
4 i} -4 0 0
® O if I I o .
m—c(e [} o o M=| ]
~ i ! to o ]
o M M+ M
nc o [1] nof2] no[3] no.c1] n?0,c12]
co co, co, [ co, o
°
080
o
it M'<-0=C=0-> W?|
wnC wn0mo’ (2]
co, co,
0. o
N )
1 2 '
i C\O/M M Cxp > m2
nC:x?0,0"[1] 1n?0,6:0" [2]
cop cop cop o
me M2 m
d wm d m? !
N £ N\ ” O\
o0 - p= - w2
W M o7
g ONCin0” [1] HsMONC:nO’ 21 13O C:x?0,0”
o> o> co>
Mt .
M
O/ me e
\\c~c< [ \ﬁ’ Y
W m? M2
10 OG0’ WmOmMCNO'0,0°

co

€0,>





image5.gif
%[MIN‘)’\

n [M<K ] o [M—cor]
m,\ /Rx
[x=m<l 17




image6.png
Energy





image7.png
S Selectivity K
Stability Productivity A.

b/
TRL Photocatalytic

Electrocatalytic

Sacrificial
agent

Recyclability

Enzymatic Homogeneous

Heterogeneous




image8.png




image1.jpeg




image2.emf

image3.jpeg
0009

0—C=—0 —>  Lewis acid

O 0 O (atC)
LUMO

0o—Cc—0 —  Lewis base

O O (at0)

HOMO

2
No,0





