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CO2 REDUCTION

As CO2 is one of the most important greenhouse gases, the un-
controllable rise of its concentration in the atmosphere, which 
in part arises from the burning of fossil fuels including coal, oil, 

ensuing climate change represents an urgent environmental 
issue for sustainable developments of industrialized societies 

-
ready caused an array of catastrophes, for instance, melting 
glaciers and ice caps, rising sea levels, more frequent and se-
vere heat waves, and changes in weather patterns. The Inter-
governmental Panel on Climate Change predicted that if the 
emission of greenhouse gases like CO2 were maintained at 

in the near future, such as more frequent and intense extreme 
weather events, water shortages, and food insecurity. A key 
to mitigating the impacts of climate change is to reduce CO2 
emissions and the transition to a low-carbon economy. 

To meet these challenges, a range of state-of-the-art technolo-
gies have been developed, such as the use of renewable energy 

development of sustainable agriculture and forestry, and so on. 
Among them, carbon sequestration and storage, which captures 
CO2 from power plants and industrial processes and stores it 
underground, gains particular interest and has been widely em-
ployed. On the other hand, given its high abundance and low cost 

2 as a feedstock to manufacture value-added 
-

However, CO2, a typical end-product produced by a plethora of 
chemical and biological oxidation processes, is not only thermo-
dynamically stable but also kinetically inert; therefore, CO2 utili-

In the ground state of CO2, the central C atom adopts sp hy-
bridization and forms a σ- and a π-bond with each terminal O 
atom. Therefore, CO2 is a stable linear non-polar molecule that 
features a short C–O bond length of 1.17 Å and a high C-O bond 
dissociation energy of 127 kcal/mol. In light of the varying elec-
tronegativities of C and O atoms, the C atom of CO2 possesses 

a partial positive charge that is balanced by a little negative 
charge on the two O atoms. Hence, CO2 activation merely has 
two routes, i.e., nucleophilic attack on C and electrophilic attack 
on O. To date, the vast majority of reported CO2 functionaliza-
tion processes can be interpreted as CO2 reduction, whereas re-
actions following the other route are rather rare. Notably, direct 
reduction of CO2 is economically unviable, because its one-elec-
tron reduction potential was measured to be as low as –1.9 V. 
To circumvent the generation of highly reactive CO2

•– species, 
CO2 transformations are typically initiated by the interaction of 
reducing agents with the C atom followed by immediate C–O 
bond rupture or C–X (X = H, C) bond formation. 

The lowest-energy unoccupied molecular orbitals (LUMOs) of 
CO2, which serve as the electron-accepting orbitals, are two 
three-center π* orbitals with a predominant parentage of the 
C 2p atomic orbital (Figure 1). Populating electrons into the 
CO2 doubly degenerate LUMOs causes the bending of the lin-
ear O-C-O arrangement and lengthening of the C–O bonds. 
Such large geometric adjustments, added by the high energy 
of the CO2 LUMO as evidenced by its highly negative reduction 
potential, render CO2 rather inert, and its activation thereby 
necessarily suffers from high activation barriers. On the other 
hand, despite raising the energy of the entire molecule, CO2 
bending lowers its in-plane π* LUMO and increases the C 2p 
contribution in this orbital, both of which ought to facilitate the 
bonding with the incoming reductant. Consequently, the elec-
tron-accepting ability of CO2 gets enhanced. 
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Fig. 1: Molecular orbitals of CO2 at different OCO angles.

Due to its high stability and inertness, CO2 functionalization 

appropriate catalysts that direct the reaction to proceed along 
energetically favorable pathways. In this connection, under-
standing mechanistic intricacies at the atomic level is helpful 

Homogeneous catalytic hydrogenation of CO2 to formic acid/
formate or to methanol is an important strategy to produce 

This is primarily because formic acid is touted as a chemical 



81

DEUTSCHE BUNSEN-GESELLSCHAFT

Zurück zum Inhaltsverzeichnis

CO2 REDUCTION

hydrogen storage. Also, methanol has garnered much atten-
tion as a sustainable alternative fuel used in direct methanol 
fuel cells. The thermodynamic coupling of CO2 to H2 to furnish 

–1. However, utilizing a base 
such as NH3 to produce HCO2

– and NH4
+ lowers the thermody-

-1. This emphasizes 
the crucial role of a base to enhance the driving force of CO2 
hydrogenation. Importantly, hydrogenation of gaseous CO2 of-
ten involves high reaction barriers that can be overcome by 
the use of transition metal complexes. A series of noble-met-
al complexes reported to date is capable of catalyzing CO2 
hydrogenation with fast kinetics and high turnover numbers 
(TONs). For instance, an Ir(III) trihydride PNP complex can yield 
formic acid with the highest TON of 3 500 000 and turnover 
frequency (TOF) of 150 000 h-1 -
other related Ru(II) pincer complex is reported to carry out CO2 
activation at a TOF of 21 500 h-1 Inexpensive transition 
metal catalysts, such as the iron trans dihydride pincer com-
plex, were able to perform at a low pressure of 6-10 bar with a 
turnover frequency of 156 h–1 

Controlled experiments and computational studies have led to 
a better understanding of the elementary steps involved dur-
ing CO2 hydrogenation by a metal-hydride (M-H) complex. As 
shown in Figure 2, the reaction of CO2 hydrogenation typically 
consists of three crucial steps: (a) base-assisted H2 splitting 
that leads to the generation of a new metal-hydride bond; (b) 
hydride transfer from M-H to the central C atom of CO2 via 
an outer sphere mechanism by which CO2 does not directly 
bind to the metal center. Here, weak non-covalent interactions 
induced by externally added protons or Lewis acids (LA) play 
an important role in stabilizing the bent conformation of CO2 
poised for the hydride nucleophilic attack on CO2; (c) prod-
uct dissociation via the formation of acid-base complexes, 
HCOOH•B. Notably, either of the two steps: H2 splitting or hy-

(RDS) for the overall process. 

As a matter of fact, the electronic structure requirement of 
these two steps is inversely correlated. While the strength of 
the base (pKa(BH+)) determines the ease of heterolytic dihydro-

of ligand opposite to the hydride is found to affect CO2 insertion 
into M–H. Obviously, a strong M–H bond in the hydride interme-
diate (Figure 2) would favor rapid H2 splitting, while at the same 

time disfavoring the possibility of hydride transfer. Contrarily, a 
labile M–H bond would be ideal to activate an inert substrate 
such as CO2 but would have a limited driving force for in situ 
generation. Hence, an exquisite balance between these two 
steps is needed to achieve catalytic conversion of CO2, which is 
primarily controlled by the bond dissociation free energy of the 
M–H bond in the metal-hydride intermediate. Thermodynami-

known as the hydricity, GH –(M–H)O  of the metal-hydride com-

2 splitting and hydride transfer have 
completely opposite hydricity requirements. A low hydricity de-
termines a greater degree of hydride donating possibility, while 
a high hydricity is helpful for faster H2 splitting kinetics. Correlat-
ing hydricity with the kinetic barriers for these two steps reveals 
that a calculated hydricity of 59.7 kcal mol–1 should be opti-
mum for homogeneous CO2 hydrogenation catalyzed by met-
al-phosphine complexes when NEt3

thermodynamic quantity can be utilized to design novel CO2 
hydrogenation catalysts based on earth-abundant metals like 
Fe and Co to provide a greener channel towards CO2 utilization, 
expanding its opportunities in value-added transformations.

Breaking the C–O bond in CO2 to furnish carbon monoxide (CO) 
is another attractive strategy for CO2 reduction, as CO is a fuel 
precursor to methane. In this direction, homogeneous electro-
chemical CO2 reduction to CO using earth-abundant catalysts 

metal complexes featuring low-valent metal centers (e.g., Ni(I), 
Co(I), Fe(II), etc.) and macrocyclic ligands, such as cyclam, 
tetra phenylporphyrin (TPP) have served as electrocatalysts as 

-

made extensive use of iron complexes of porphyrin derivatives 
for electro- and photo-electro catalytic reduction of CO2 to CO 
via 2e–/2H+ pathways. Kubiak and coworkers reported homo-
geneous electrocatalytic CO2 reduction to CO by Ni(cyclam) 
complexes on inert glassy carbon electrodes at a low over-

Experimental kinetic studies and density functional theory 
(DFT)-based computational investigations have revealed that 

2 from the metal complex is 
generally followed by a subsequent electron uptake from the 
electrode or reduced metal during the electrochemical re-
duction to CO. The C–O bond cleavage process is known to 
be assisted through polarization by weak Brønsted acid (e.g., 
water) or Lewis acid (e.g., metal center, cation). Metal-catalyz-
ed electrochemical CO2 reduction to CO traverses a common 
mechanism (Figure 3) involving the formation of the metal-CO2 
complex (M-CO2) followed by a proton-coupled electron transfer 
(PCET) and C–O cleavage to yield a metal-bound CO complex 

The redox non-innocence behavior of ligands, such as TPP is 
known to assist the electron transfer events, as observed in a 
highly synchronized metal-to-CO2 and ligand-to-metal electron 
transfer in the Fe-TPP-mediated CO2 -
ticularly, the binding of CO2 to the Fe-center is facilitated by the 
donation of an electron from the Fe-dz2 to the in-plane O–C–O 
π

* orbital of CO2, resulting in a partial electron transfer to CO2. 
A similar electron-transfer event was also recorded in the Ni-cy-Fig. 2: Mechanistic steps for transition metal catalyzed hydrogenation of CO2.
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clam-catalyzed CO2

the redox-active nature of the ligand plays a crucial role in sta-
bilizing the reactive M-CO2 intermediate. The attachment of a 
proton to the metal-bound partially reduced CO2 enhances its 
electron-accepting ability and results in the metal-carboxylate 
complex.  Finally, this complex undergoes C–O bond cleavage 
in presence of another proton and forms the metal-bound CO 
complex with the release of water. Thus, homogeneous elec-
trochemical CO2-to-CO reduction mediated by transition metal 
complexes serves as a very effective strategy of CO2 reduction, 
where an optimal combination of metal and ligand can promote 
a highly synchronous electron transfer process. 

In summary, on one hand, the increase in CO2 concentration 
causes severe environmental impacts on the human being. 
On the other hand, the utilization of CO2 to make value-added 
chemicals is the ideal way to confront these crises, which war-
rants more systematic research on CO2 activation.
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Fig. 3: Common reaction mechanism for electrocatalytic CO2 reduction to CO, 
showing both redox-active and inactive ligands.

„Climate change is a global issue - from the point of view 

of the Earth‘s climate, a molecule of CO2 emitted in Bejing 

is the same as a molecule emitted in Sydney.“ 

Jeff Goodell

 https://www.englischezitate.de/zitat/jeff-goodell/14601/

ZITATE ZUM KLIMAWANDEL
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„Seen from the historical point of view the urge for 

growth has (almost) always outweighed the striving for 

justice, growth was in fact a substitute for justice. How-

ever, if climate change were to be viewed as an exis-

tential problem of stability and justice – and therefore 

as a climate disaster, then the thinking on economic 

growth might start to change and its limitations might 

become clearer. There might then be an ecological 

“greening” of the global economy – a “Global Green 

New Deal”, so to speak.“

Senator John Kerry (Dec 2009)

„I’ve often said that global climate change is an issue 

where no one has the luxury of being “half-pregnant.” 

You either are or you aren’t. And so it is with climate 

change. You either understand and accept the science 

– or you don’t. Folks this isn’t a cafeteria where you 

can pick and choose and accept the science that tells 

us what is happening, but then reject the science that 

warns us what will happen. 

 http://www.die-klimaschutz-baustelle.de/climate_change_
quotations.html
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