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There is an ecological imperative to reduce society’s reliance 
on fossil fuels1. To accomplish this, several technological 
advancements are required for a carbon-neutral and sustain-

able future. A key component is to advance energy storage tech-
nologies to flex intermittent renewable sources of energy into an 
on-demand framework. Although many solutions currently exist—
from batteries to pumped hydroelectricity—chemical fuels continue 
to be one of the highest density forms of energy storage2. Among the 
different approaches to chemical energy storage, the reduction of 
carbon dioxide (CO2) to give carbon-based liquid fuels is one of the 
most popular approaches. The feedstock (CO2) is abundant and the 
resulting fuels easily integrate into our current carbon-fuel-based 
energy infrastructure. CO2 capture and concentration, particularly 
from air, is still a challenge, but it is also an active area of research3. 
Decreasing our reliance on fossil fuels for energy will concurrently 
curtail our primary sources of carbon-based feedstock chemicals 
(for example, olefins) for materials synthesis. Therefore, valorizing 
CO2 into synthetic precursors or direct conversion into materials is 
also a key goal as we move towards carbon neutrality. An analysis on 
the economic value of various CO2 reduction products that can be 
used as fuels or synthetic precursors was recently published4.

CO2 can be reduced to multiple products through hydrogena-
tion or electrochemical reduction. Carbon-neutral hydrogenation 
can be achieved using ‘green hydrogen’5, or H2 derived from the 
electrolysis of water using renewable electricity. The focus of this 
perspective will be on the direct electrochemical reduction of CO2. 
Electrochemical reduction presents several advantages over hydro-
genation. As the protons used for reduction derive directly from 
solution, there is no need to handle flammable H2 gas. Additionally, 
hydrogenation reactions frequently require high temperatures and 
pressures, which are not typically required for electrolytic methods.

However, product selectivity is a greater challenge in elec-
trochemical reduction compared with that in hydrogenation. In 
addition to multiple possible CO2 reduction products, direct H+ 
reduction to H2 is often a competitive reaction, which diverts elec-
tron equivalents to a non-carbon-based product. Parasitic H2 evolu-
tion is currently one of the biggest impediments to selective CO2 
reduction. This Perspective focuses on thermodynamic and kinetic 

considerations for selective CO2 reduction, and draws parallels with 
our current understanding of natural enzymes that perform analo-
gous reactions to those of synthetic systems. Biological CO2 fixation 
requires many of the same steps as the effective anthropogenic syn-
thesis of liquid fuels: long-range electron transfer, capture of gas-
eous reactants, sequential (cascade) catalysis, substrate channelling, 
dynamic secondary sphere interactions, conformational changes, 
ordered binding and reversibility. Although there are notable suc-
cessful examples of installing some of these features into synthetic 
systems6,7, it is likely that incorporating more of these principles will 
be necessary to effect analogous reactivity. Nature has optimized the 
conversion of CO2 into the two-electron-reduced products, formate 
and carbon monoxide (CO), using specialized metalloenzymes. 
Furthermore, selective integration of CO2, CO and formate into 
complex biomolecules through the formation of new C–C bonds 
represents the paradigm that synthetic and bio-inspired chemists 
and catalysis scientists seek to replicate.

Thermodynamic considerations
Figure 1a provides the standard potentials for direct proton reduc-
tion as well as for major CO2 reduction products. We note that 
the high potentials required for the one-electron reduction of CO2 
and H+ to form the radicals CO2

•– and H• (−1.90 and −2.31 V ver-
sus the standard hydrogen electrode (SHE), respectively) gener-
ally compel such substrates to be activated through the binding 
or interaction with a catalyst8. Among the major products for the 
2e− reduction of CO2, only three are more challenging in terms 
of standard potential than the direct proton reduction to H2: CO, 
formic acid (HCOOH) and oxalic acid ((COOH)2). CO2 reduc-
tion to CO and 2H+ reduction to H2 are both 2H+, 2e− reactions. 
Therefore, their relative thermodynamic potentials change as a 
function of pH with the same slope (59 mV (log[H+])–1) as given by 
the Nernst equation. However, HCOOH and (COOH)2 represent 
unique cases as they are relatively acidic. For HCOOH, under con-
ditions in which it is deprotonated (pH > 3.75 in H2O, pKa > 20.9 in 
CH3CN), CO2 reduction produces formate, which is a 2e−, 1H+ pro-
cess. Thus, instead of the thermodynamic potential decreasing by 
59 mV (log[H+])–1, it will decrease by 29.5 mV (log[H+])–1, or have 
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a shallower slope in the Pourbaix diagram (Fig. 1b). As a result, the 
thermodynamic potential for CO2 to give HCO2

− becomes more 
positive than the 2H+/H2 couple at pH 8.1 in aqueous solutions 
(pKa > 25.9 in CH3CN and pKa > 13.6 in dimethyl sulfoxide)9. This 
type of behaviour is also observed for other CO2 reduction prod-
ucts with acidic protons, such as (COOH)2; above pH 10.6, CO2 
reduction to the dianion oxalate ((COO)2

2–) is more favourable 
than direct H+ reduction. The same phenomenon occurs with ace-
tic acid (CH3COOH) and methanol (CH3OH), although CH3OH 
is considerably less acidic. For CH3COOH, the standard poten-
tial is already positive of the 2H+/H2 couple. Under conditions in 
which CH3COOH is deprotonated, the acetate will increasingly be 
the thermodynamically favoured product (over H2 evolution) with 
decreasing proton activity (log[H+]).

As demonstrated by Fig. 1, the free energy of CO2 reduction to 
most products is more favourable than the direct H+ reduction to 
H2. In cases for which the synthetic catalysts are optimized to oper-
ate at a minimal overpotential, selectivity can be achieved because 
H2 evolution is endergonic7. However, applying even modest over-
potentials will result in exergonic H2 evolution. Additionally, the 
small potential range for most carbon-based products further com-
plicates selectivity towards a single product.

Kinetic considerations
Selectivity between various CO2 reduction products and the direct 
reduction of H+ to H2 is ultimately determined by the reaction 
sequence of protons and electrons (and/or their coupled transfer) 
and CO2 with the catalyst. Bio-inspired strategies to control the CO2 
versus H+ transfer to active sites focuses on the electronic structure 
of the active site and the outer coordination sphere effects. Each of 
these strategies is discussed with respect to their biological context, 
and how they can be reproduced in synthetic systems (Fig. 2).

CO2-reduction catalysis for most products (with the exception of 
formate) is initiated when CO2 is activated by the reduced catalyst. 
As CO2 is relatively inert, activation at a single site often requires an 
electron-rich (nucleophilic), highly reduced metal centre. The nega-
tive potential required, in turn, increases the overall overpotential. 
Highly reduced metal centres also tend to be more basic, and are 
therefore prone to protonation, which often leads to H2 evolution10. 
However, there are a few catalyst design strategies towards selec-
tively activating CO2 over direct protonation.

Several of these strategies are inspired by the carbon mon-
oxide dehydrogenase (CODH) enzymes. The electrocatalytic 
activity of NiFe−CODH, a CODH of the anaerobic bacterium 
Carboxydothermus hydrogenoformans, displays reversible electro-
catalytic conversion of CO2 to give CO with high rates at the ther-
modynamic potential (no overpotential) or at –520 mV versus SHE 
at pH 7 (ref. 11). The catalytic site of NiFe−CODH features a unique, 
site-differentiated [4Fe−4S–Ni] centre, with a reduction potential 
that is well-matched to the CO2/CO couple (Fig. 2a)6. The electronic 
communication across the non-canonical heterometallic cluster 
delocalizes the excess electrons across the entire fragment12, which 
promotes facile charge migration through the cluster on CO2 bind-
ing while lowering the nucleophilicity (Brönsted basicity) of any 
individual metal centre, which reduces the propensity for proton-
ation and subsequent H2 evolution13.

Another approach used by CODH to control the reactivity 
for CO2 versus H+ is electronic control. Prior to CO2 binding, the 
formally Ni0 centre has a distorted T-shaped geometry13,14. The 
π-donating character of the sulfide and thiolate ligands in the fully 
reduced cluster should enforce π symmetry on the frontier molecu-
lar orbitals, which promotes the activation of CO2 predominantly 
through π back donation rather than through the σ interaction, 
which could also enable proton binding and hydride formation15,16. 
Indeed, although NiII–H formation was invoked in the past as an 
intermediate in CO2 activation17, such a species was largely ruled 
out on the basis of careful reactivity and electronic structure stud-
ies13,18. In a synthetic analogue, the symmetry of the frontier orbit-
als was invoked as the basis for the high selectivity for CO2 to CO 
by the well-studied molecular electrocatalyst Re(bpy)(CO)3Cl (bpy, 
bipyridine) (Fig. 2b)19. Accessible oxidation states can also influence 
the reactivity of CO2 versus H+ at a reduced centre. CO2 activation 
can involve either a formal 1e− oxidation of the metal to form a 
metal-bound carboxylate radical anion, which is usually stabilized 
relative to free CO2

•–, or a 2e– oxidation to form the fully reduced 
anionic carboxylate ligand. However, H+ binding to form a metal 
hydride formally oxidizes the metal by two electrons. Thus, con-
trolling the accessibility of the 1e– versus 2e– redox couples of the 
catalyst can favour reactivity towards CO2.

Another bio-inspired method to facilitate selective CO2 acti-
vation to a specific product is cooperativity. The X-ray crystallo-
graphic structure of NiFe–CODH under reducing conditions in 
the presence of CO2 suggests a cooperative binding by Ni and Fe, 
assisted by hydrogen bonding to two basic amino acids, a lysine and 
a histidine, as shown in Fig. 2c11. Electrophilic activation of CO2 
occurs through the direct binding of carbon to the electron-rich 
formal Ni0 site, stabilized by bridging to the adjacent Fe2+u  centre 
through oxygen ligation. Thus, the active site capitalizes on a sec-
ondary metal interaction to effectively chelate CO2 in an asymmet-
ric fashion, which promotes a selective protonation of the Fe-bound 
oxygen atom and C–O bond cleavage to form CO. The accompa-
nying electronic assistance from the supporting iron–sulfur clus-
ter enables a multielectron reduction without the accumulation of 
a substantial charge or spin density at any one particular site13,20. 
These cooperative interactions stabilize the carboxylate intermedi-
ate, which results in CO2 activation at a mild potential.

The advantage of cooperative CO2 activation over single-site cat-
alysts can be viewed through a Sabatier analysis21. For monometallic  
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Fig. 1 | Thermodynamic values associated with H+ and CO2 reduction. 
a, Table of reduction potentials for H+ and CO2 reduction to a variety of 
products under standard conditions. b, Corresponding Pourbaix diagram, 
which depicts how the potentials change with respect to pH for 2e– and 
greater reduction reactions.
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heterogeneous catalysts, the activity descriptors are the CO2 and 
CO binding energies. However, these two properties are inversely 
related such that the substrate and product interaction cannot be 

optimized independently. Cooperative activation of CO2 (which 
does not impact CO binding) breaks these scaling relationships, 
which enables catalytic reduction at milder potentials21. There are 
several examples of synthetic homogeneous catalysts that similarly 
capitalize on cooperative CO2 activation for an enhanced reactivity 
or selectivity. These cooperative interactions include a secondary 
metal22–24, hydrogen bonding to the anionic carboxylate oxygen25–28 
and electrostatic stabilization of the carboxylate intermediate29–31. 
An example of the third case is shown in Fig. 2d, in which phe-
nol functionalities in the secondary coordination sphere of an 
iron porphyrin CO2 to CO electrocatalyst are believed to stabilize 
the carboxylate intermediate through hydrogen-bonding interac-
tions28. In heterogeneous systems, this cooperative interaction was 
mimicked through the use of bimetallic catalysts or Lewis acidic 
cationic additives, which are proposed to stabilize CO2 activation 
intermediates32–34. Cationic additives can also impact the interfacial 
arrangement of ions at the surface of electrodes when a potential  
is applied35.

Inhibiting H2 evolution can also be influenced by the catalysts’ 
secondary structure and microenvironment. For example, proton 
sources are hydrophilic (or solvated under aqueous conditions), 
whereas CO2, as a relatively inert non-polar molecule, is not. Thus, 
modifying the hydrophilicity and/or hydrophobicity or polarity 
of the environment around the catalyst active site to mediate the 
proton flow offers another bio-inspired strategy to achieve selec-
tive reduction. Proton transfer from the solvent into the bound 
CO2 molecule in the NiFe–CODH enzymes has been suggested to 
occur via three conserved basic histidine residues11, which cycle 
between neutral and positively charged states, along with a puta-
tive water channel (Fig. 2e). This contrasts with the [NiFe] hydrog-
enase enzymes, which are proposed to use a combination of water 
molecules and primarily acidic residues for proton transfer36, and 
suggests that the polarity of the distal environment is important. 
Support for this general phenomenon was observed through a study 
of CO2 reduction activity by a synthetic catalyst, [Ni(cyclam)]2+ 
(cyclam, 1,4,8,11-tetraazacyclotetradecane), across different buf-
fers, in which a full selectivity towards CO2 reduction over H+ 
reduction was accessible in a basic buffering media37. The impor-
tance of the buffer as a proton donor, independent of pH, was also 
shown in heterogeneous38 CO2 electrocatalytic reductions. Polymer 
encapsulation provides an intermediate degree of complexity to 
the catalyst microenvironment and presents a random arrange-
ment of hydrophobic and charged groups that, in the case of cobalt 
phthalocyanine, were shown to enhance selectivity by converting 
proton transfer from a bimolecular into an intramolecular process 
(Fig. 2f)39. Thus, both the proton source and microenvironment can 
work to control proton flow and overall product selectivity. Given 
that enzymes can be considered to be highly unsymmetric polymers 
that encapsulate a catalyst, this approach offers an opportunity for 
the biological and the bio-inspired worlds to meet in the middle: 
polymers can be synthesized with increasing complexity and asym-
metry and wrapped around catalytic sites40, whereas enzymes can be 
deconstructed by selective removal of auxiliary subunits or cofac-
tors. Through these complementary tactics, the minimal functional 
units necessary for selective CO2 reduction can be established.

A related approach in synthetic catalysts capitalizes on electro-
static effects to engender a greater selectivity for CO2 reduction. 
Local cationic charges, introduced through the use of ionomers and 
other additives at heterogeneous active sites34,41–43 or incorporated 
into molecular complexes44, can result in larger overpotentials for 
the H2 evolution reactions, possibly due to an inhibited access of 
the protons to the catalyst active sites. Although the local proton 
concentration and pathway to approach the catalyst is inhibited by 
cationic charge, the neutral CO2 substrate is not as strongly affected.

Another proposed bio-inspired structural strategy to enhance 
CO2 reduction over proton reduction is through spatial separation  
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of the protons and electrons. This is the strategy suggested in 
nearly all mechanisms for the enzyme formate dehydrogenase, 
which formally transfers a hydride to CO2 (two electrons and a 
proton). Instead of a classic metal hydride intermediate, the major 
mechanistic proposals state that the electrons and protons are 
not co-located on the metal. In these mechanisms, the Mo or W 
centre cycles between a +4 and a +6 oxidation state. The proton 
required to complete the hydride comes from a ligand or the sec-
ondary coordination sphere: from a terminal sulfido, a dissociated 
(seleno)cysteine ligand or an outer-sphere histidine residue, argi-
nine residue or cysteine residue45,46. Formate dehydrogenase exhib-
its negligible parasitic H2 evolution during CO2 reduction in an 
otherwise reducing environment47,48. We have suggested that spa-
tially separating the electron and proton source can lead to inhib-
ited H2 evolution49. A proton source positioned at an appropriate 
distance from the electron source (metal) could transfer both pro-
ton and electrons to a larger CO2 substrate that can bridge the gap 
between them when a smaller proton would not be able to accept 
the necessary electrons and/or protons for H2 evolution. This strat-
egy also appears to be at play in the active site of NiFe–CODH, 
where electrons transfer from the metallocluster and protons likely 
come from the lysine residue.

Strategies for C–C bond formation
To develop architectures for sequential reactions that efficiently 
and selectively convert CO2 into more complex (C ≥ 2) value-added 
products and fuels, the catalyst environment must be considered 
across many length scales. Nature provides inspiration to develop 
such scaffolds, as highly selective and efficient cascade reactions are 
prevalent across natural enzyme systems. The CO dehydrogenase/
acetyl coenzyme A synthase (CODH/ACS) enzyme complex rep-
resents one highly evolved example of such a system, and demon-
strates an extensive dynamic motion to choreograph the synthesis of 
a new C–C bond in acetyl coenzyme A from one-carbon precursors. 
Identifying the structural and electronic features that underpin this 
unique reactivity is vital for the design of similarly effective anthro-
pogenic catalysts.

During acyl synthesis by CODH/ACS, the CO2-derived carbon 
monoxide leaves the CODH active site and enters a hydrophobic gas 
channel that leads to the ACS active site, called the A cluster (Fig. 
3a)11,47. Within the A cluster, the key catalytic centre is thought to be 
the proximal nickel site (NiP), and the distal nickel ion (NiD) is pre-
sumed to play a structural role. Both the CO substrate and a cationic 
methyl group, donated by a cobalamin methyl transferase protein, 
bind to the NiP centre, which catalyses acyl formation in a pro-
cess analogous to the commercial Monsanto reaction50. As for the 
CODH active site, a strong electronic communication between the 
NiP centre and the [4Fe–4S] cluster is mediated through the bridging  

thiolate ligand, and reactivity towards each substrate depends on 
the active-site redox state51. Acyl transfer to the coenzyme A thiol 
group appears to be substrate-gated, and occurs rapidly once CoA 
is introduced. In total, ACS catalyses the formation of both a C–C 
and a C–S bond.

Although synthetic inorganic compounds designed to model 
ACS provide a precedent for the reactivity of a low-coordinate, 
low-valent nickel centre with CO and methyl ligands, to date, no 
synthetic nickel compound has been able to reversibly catalyse 
the formation and catabolism of a thioester without degrada-
tion of the active site52,53. Protein-based models, such as those 
developed by Shafaat and co-workers, which were derived from 
a nickel-substituted mutant of Pseudomonas aeruginosa azurin, 
expand our understanding of these limitations. A NiI state is readily 
obtained in this nickel azurin-based model of ACS (M121A NiAz; 
Fig. 3b), which exhibits similar electronic properties to those of the 
native enzyme, indicating that two histidine imidazole ligands may 
mimic the electronic structure of the two bridging thiolate ligands 
between the nickel centres54. This suggests that in a synthetic model 
of ACS, the NiD subsite could be replaced with pyridine or pyrazole 
ligands, often used to replicate histidine ligation. The NiIAz state 
binds both CO and a cationic methyl group to give EPR-active 
NiI–CO and Ni–CH3 species54,55. In both systems, the metal–thio-
late interaction dominates the electronic structure and stabilizes the 
reduced species, to the extent that the formal NiIII–CH3 species is 
best described as an electronic d9 NiI species with an inverted ligand 
field56. A similar electronic structure is implicated in native ACS. 
These studies highlight the importance of a strongly covalent ligand 
framework to distribute electron density, and so reduce the build up 
of formal and physical charge on the metal centre and direct reactiv-
ity towards the intended substrate54,55.

Beyond observing key catalytic intermediates, the protein-derived 
ACS model offers insight into the selectivity of the native enzyme, 
which avoids the parasitic H2 evolution or CO2 reduction reac-
tions despite operating at the thermodynamic potential for both. 
Although the reduced Ni centre in the NiAz model is accessible to 
solvent and small molecules, unproductive side reactions, such as 
protonation of the NiI state to form a NiIII–H species, generation 
of H2, protonolysis to release CH4 and the binding and reduction 
of CO2, do not occur. This diverges from what is seen in hydrog-
enases and other model compounds, in which a NiIII–H species can 
form readily from NiI in the presence of protons and CO is a potent 
inhibitor57,58. The extreme selectivity of the NiAz model towards CO 
and methyl substrates mirrors that seen in ACS and is probably due 
to the strong, directed covalency of the metal–thiolate moiety. As 
is seen in Fig. 3c, the singly occupied molecular orbital of NiIAz 
is greatly delocalized onto the thiolate ligand, and the component 
on the metal centre lacks the appropriate structure to interact  
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with either a proton or CO2 (refs. 56,59). Methyl binding occurs via 
a non-canonical inverted ligand-field interaction, in which the 
methyl group can be considered to possess an empty pz orbital56; 
such a configuration would be inaccessible to a proton and thus is 
hypothesized to prevent H2 evolution. Establishing a similar elec-
tronic structure in a synthetic system may be important to avoid 
side reactions and obtain the selectivity of a natural enzyme.

Secondary sphere interactions are also implicated in controlling 
the substrate binding in ACS. The gas channel between the CODH 
and ACS active sites is lined by hydrophobic residues, thought to 
promote CO capture and accumulation. Captured within this sec-
ondary sphere, the entropic costs associated with gas binding are 
substantially reduced, and CO binding is considered to be a barrier-
less process. Having a molecular mechanism to capture and retain 
the CO substrate close to the active site is an effective preconcentra-
tion method (Fig. 2g). The use of partially hydrophobic polymer 
overcoatings may provide a crude model of this outer coordination 
sphere effect60. This strategy would bypass the low solubility limits 
of dissolved gases in aqueous solution and represents an underex-
plored area in catalyst design.

The idea of preconcentrating C1 substrates for subsequent C–C 
bond formation has been explored in heterogeneous systems, as 
depicted in Fig. 2h. For example, in heterogeneous catalysis, cata-
lysts that are highly selective for CO2 reduction to CO, such as 
Au or Ag, have been paired with catalysts with a higher activity 
towards CO reduction to higher-order hydrocarbons (that is, Cu). 
The spatial orientation of the catalysts is critical to improving the 
local concentration of CO to achieve higher concentrations of more 
valuable, longer-chain products40,61,62. Likewise, tandem or cascade 
catalytic systems are used in CO2 hydrogenation to CH3OH with 
molecular catalysts, with each catalyst optimized for a sequential 
step63,64. Nanoconfinement of enzymes in extended porous materi-
als was also shown to be a highly effective strategy to reproduce 
cellular cascades65, and the extension of such materials for a syn-
thetic or heterogeneous catalyst immobilization builds from these  
biological principles.

Conclusions
Valorizing CO2 to fuels and targeted chemicals is a key step towards 
a carbon-neutral energy economy. However, substantial obsta-
cles remain from the standpoints of catalytic efficiency (rate and 
overpotential), selectivity and robustness, which have prevented a 
large-scale implementation. Overcoming these challenges requires 
a transformative approach. Nature provides a blueprint to efficiently 
harness CO2 as a substrate and selectively generate specific products 
using metalloenzymes. As illustrated in Fig. 2, there are distinct ways 
in which bio-inspired strategies can be directly applied to homo-
geneous, heterogeneous and artificial metalloenzyme catalysts. 
We expect these guiding principles for selective CO2 reduction to 
cross-cut through different platforms. The strategies for implemen-
tation will, of course, vary. For example, the secondary coordina-
tion sphere is tuned in artificial metalloenzymes using site-directed 
mutagenesis, whereas in homogeneous systems it can be modified 
through ligand design. In heterogeneous systems, the electrolyte 
and buffer has been called ‘the electrochemical second coordination 
sphere’66. Thus far, this bio-inspired approach has been highly suc-
cessful, and resulted in synthetic catalysts with a higher efficiency, 
selectivity and product control. Improved communication and 
critical examination of the commonalities between and across these 
disciplines will undoubtably accelerate catalyst development. This 
synergy is especially critical as there are still secrets to be discovered 
in natural CO2 utilization, which will continue to inspire synthetic 
analogues that capitalize on these effects.
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