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Abstract: The core challenge in developing cost-efficient catalysts for 

carbon dioxide (CO2) conversion mainly lies in controlling its complex 

reaction pathways. One such strategy exploits bimetallic cooperativity, 

which relies on the synergistic interaction between two metal centers 

to activate and convert the CO2 substrate. While this approach has 

seen an important trend in heterogeneous catalysis as a handle to 

control stabilities of surface intermediates, it has not often been 

utilized in molecular and heterogenized molecular catalytic systems. 

In this review, we gather general principles on how natural CO2 

activating enzymes take advantage of bimetallic strategy and how 

phosphines, cyclams, polypyridyls, porphyrins, and cryptates-based 

homo- and hetero-bimetallic molecular catalysts can help understand 

the synergistic effect of two metal centers. 

1. Introduction and Scope 

The development of cost-efficient catalysts for the selective 

carbon dioxide (CO2) reduction using renewable energy sources 

is an urgent requirement to address the colossal task of returning 

CO2 to energy-rich molecules. It can easily be comprehended that 

to achieve such a conversion on a massive scale, heterogeneous 

catalysis for CO2 reduction will undoubtedly be at work. This 

research field has shown encouraging perspectives in the 

fabrication of novel solid state catalysts and in the control of 

important adsorbates to tune CO2 reduction product selectivity.[1,2] 

One of the few strategies to realize this makes use of two-metal 

cooperativity which has been recently shown useful not just in 

controlling CO2 reduction selectivity[3,4] but also for nitrite 

reduction,[5] proton reduction,[6,7] oxidation reactions,[8,9] CO2 

fixation reactions,[14,15] sensing,[16,17] purification,[18] other catalytic 

reactions,[10–13] and environmental applications.[19,20] In order to 

attain such catalytic materials, not only complex synthetic tactics 

are needed but in addition, these reactive surfaces might be 

chemically altered during the catalytic cycle. An elegant way to 

counter such modifications resides in the design of molecular 

catalysts that provide several synthetic handles for the structural 

and topological control of two metal centers through ligand design. 

A fundamental asset of molecular catalysts is the access they 

provide to the understanding of the catalytic mechanisms using a 

large set of spectroscopic methods to probe the multi electron and 

proton processes.  
The bimetallic systems work cooperatively to store charges 

and to activate the CO2 substrate. In a classical push-pull donor-

acceptor scenario, one metal center acts as a Lewis base to 

transfer an electron pair to the coordinated CO2 molecule while 

the second metal center acts as a Lewis acid to promote C–O 

bond cleavage and the formation of CO (Scheme 1). Similar 

scenarios can promote the production of formates and oxalates 

depending on how the CO2 substrate is activated by the metal 

ions. Furthermore, the premise of a tandem reaction can be 

realized with bimetallic strategy where one of the metal ions is 

envisioned to transfer critical intermediates to the other to form 

further reduced C1 and C2 products.[21–23] 

Scheme 1. The potential of bimetallic strategy in activating and converting CO2. 

 

To date, the rare publications on bimetallic activation in 

molecular and heterogenized molecular catalytic systems were 

focused mainly on the electroreduction of CO2 to CO. However, 

examples of C-C bond formation leading to oxalate and further 

reduced products such as methane have been discovered. 

Henceforth, it is timely to gather the general principles of the 

functioning of natural bimetallic enzymes and implement them in 

synthetic systems to provide key understandings in the general 

field of catalysis. 

We refer the reader to recent reviews on a related theme 

where chemists are manipulating the second coordination sphere 

effects such as local proton sources, hydrogen bond donors, and 

electrostatic activators to enhance the catalytic activity of 

molecular complexes.[24–27] A recent review from the group of 

Zhong and Lu presented the use of bimetallic molecular catalysts 

in artificial photosynthesis, where most efforts are designed for 

water and oxygen activating catalysts based on inspirations from 

the multi-metallic Mn4Ca cluster of the oxygen evolving complex 

and from cytochrome c oxidase complexes.[28] Herein, we extend 

and update the understanding in the activation and conversion of 

carbon dioxide, looking initially at how natural CO2 activating 

enzymes take advantage of bimetallic strategy and then going to 

artificial catalysts that make use of the lessons and understanding 

of the active sites in natural systems.  
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2. Bimetallic CO2 activation in nature 

In nature, there are six pathways known to fix carbon dioxide as 

organic material for biomass. They involve enzymes performing 

carboxylation of various sugars, synthesis of acetyl coenzyme-A, 

and reduction of CO2 (to CO or formate).[29] Among these, 

bimetallic CO2 activation was only observed in CO 

dehydrogenase (CODH) that catalyzes the two-electron, two-

proton interconversion between CO2 and CO. Two types of CODH 

exist: one from anaerobic microorganisms such as Moorella 

thermoacetica, Carboxydothermus hydrogenoformans, and 

Methanosarcina barkerii with a [NiFe] active site, and another 

from aerobic organisms such as Oligotropha carboxidovorans 

with a [MoCu] active site.[29]  

The [NiFe] CODH (Scheme 2) catalyzes the reversible 

reduction of CO2 to CO with turnover frequency (TOF) of 45 s-1 for 

CO2 reduction and TOF of 40,000 s-1 for CO oxidation.[30] 

Crystallographic studies of the oxidized form of this [NiFe] C 

cluster site show a Ni center taking the place of one Fe atom of 

an Fe4S4 cluster and positioned in close proximity to the displaced 

forth Fe (Scheme 2, structure 1). Whether this modified 

configuration plays similar roles as that of iron-sulfur clusters in 

other natural systems,[31,32] or has a specific function in CODH is 

yet to be fully confirmed. The Ni species is coordinatively 

unsaturated binding three sulfur ligands in a distorted T-shaped 

configuration. In its reduced form (reaction with TiIII citrate) and in 

the presence of CO2 substrate (through bicarbonate ion source), 

CO2 is observed to bridge the Ni and Fe metals, as shown in 

structure 3. CO2 is bound to a reduced formal Ni”0” metal center 

(presumed oxidation state change after two-electron reduction at 

‒600 mV) through the C atom completing the square planar 

coordination of the Ni while one of carboxylate’s oxygen atoms is 

bound to the pendent Fe atom.[33] The same oxygen atom forms a 

hydrogen bond with a lysine (Lys563) residue.  

 

 

 

This bimetallic activation, reminiscent of a frustrated Lewis 

base (Ni) – Lewis acid (Fe) pair, works in synergy with the second 

coordination sphere activation to cause only minor changes from 

the T-shaped coordination geometry to square planar.[33] This 

structure promotes the heterolytic cleavage of the C-O bond, 

resulting in a CO coordinated to the Ni metal and a hydroxide 

coordinated to the Fe metal. The CO is then released from this Ni 

center to form back the oxidized state, closing the proposed 

catalytic cycle.[29] The low reorganizational energy observed from 

these experimentally determined structures also participates to 

the high turnover rates of the enzyme at a potential near the 

thermodynamic value for CO2 to CO reduction.[34] The stabilization 

of the reactive intermediates through multiple hydrogen bonding 

and electrostatic interactions also participates in the catalytic 

performance of the enzyme. 

Scheme 2. Proposed structure-based mechanism for the catalytic cycle of 

[NiFe] CODH for the reversible reduction of CO2 to CO. Adapted from Ref. 33, 

Copyright © 2007, The American Association for the Advancement of Science. 
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Scheme 3. Proposed structure-based mechanism for the catalytic cycle of 

[MoCu] CODH towards oxidation of CO to CO2. Adapted from Ref. 35, Copyright 

© 2002, The National Academy of Sciences, U.S.A. PNAS is not responsible for 

the accuracy of this translation. 

 

[MoCu] CODH (Scheme 3) has a similar structure as the 

[NiFe] CODH with the presence of a heterobimetallic metal center 

in the active site, though it was observed to only catalyze the 

oxidation of CO to CO2 at a much lower TOF of 100 s-1.[35,36] The 

oxidized form of the active site shows a Mo metal ion with an 

apical oxo group linked to two sulfur atoms of the molybdopterin 

cytosine dinucleotide cofactor, as shown in structure 5. The 

second coordination sphere similarly contains amino acid 

residues such as glutamine and glutamate that are within 

hydrogen bonding distances from the oxo and hydroxyl ligands, 

respectively. Based on n-butylisonitrile-inhibited enzyme 

studies,[35] the reaction of a MoVI oxo/hydroxy species with CO 

leads to the formation of the reduced MoIV state with a 

thiocarbonate insertion product, structure 6. This is a distinct 

difference with regard to the [NiFe] CODH as the carbon atom of 

the carboxylate-like intermediate is bound to the ligated sulfido 

group acting as the Lewis base, instead of the reduced Mo metal 

center.[29] 

These enzymes involved in CO2/CO interconversion 

seemingly contain similar features. First, they consist of sulfur-rich 

ligand structures that can store and supply electrons (Fe3S4 

cluster, and pterin-like cofactors). Second, they employ a 

substrate-activating environment either by bimetallic Lewis acid-

base pair or by second coordination sphere activation from nearby 

amino acid residues. Of note, in both cases, only one of the metal 

ions acts as a redox shuttle (Ni, Mo) while the other remains in its 

unchanged oxidation state (Fe, Cu). Third, they promote good 

CO2 binding in meticulously pre-organized active sites with 

minimal changes in the geometry, resulting in low 

reorganizational energies. Lastly, they take advantage of the 

intrinsic water channels within the protein matrix to manage the 

proton convoy and promote proton-coupled electron transfer 

steps, significantly decreasing the thermodynamic requirement of 

the reactions. Interestingly, these discrete two-electron steps are 

also involved in the eight-electron reduction reactions observed 

for methanogenic archaea catalyzing reduction of CO2 to 

methane and for acetogenic bacteria catalyzing reduction of CO2 

to acetic acid.[37] As such, fundamental lessons from the biological 

two-electron reduction in CODH would be particularly interesting 

in designing synthetic CO2 reduction catalysts. 

 

3. Molecular Bimetallic Catalysts 

Early synthetic models of the CODH C-cluster have been 

extensively investigated by the group of Holm even before the 

advent of the protein X-ray structures. They successfully 

synthesized a series of [NiFe3S4] cubane models mimicking the 

active site of CODH[38,39] and bimetallic NiFe analogues 

complexes with the focus on the two metal ions that are intimately 

involved in the activation and catalytic bond breaking and making 

process.[40] However, there were no mentions of the catalytic 

activity of such bioinspired models. This is a common roadblock 

in the design of molecular catalysts where structural features do 

not necessarily match the catalytic activity. Another such example 

comes from structural mimics of the bimetallic active sites of 

hydrogenases to develop synthetic catalysts towards reversible 

reduction of protons to hydrogen.[41] It is noteworthy that such 

systems provide considerable insights in the electronic properties 

of the biomimetic models. As a matter of fact, to reach catalytic 

systems, chemists take profit of the orchestration of chemical 

functions in ligand design to shape the reactivity pattern of 

molecular complexes and to further improve the existing catalytic 

platforms: phosphines, cyclams and other aza-macrocyclic 

complexes, polypyridyl complexes (e.g., bipyridines, 

phenanthrolines, terpyridines, quaterpyridines, etc.), and metallo-

porphyrins, -phthalocyanines, and -corroles. The addition of 

chemical functionalities in the second coordination shell to 

establish local proton sources, hydrogen bond relays, and 

electrostatic activators in the vicinity of the active site has led to 

unprecedented enhancement in the catalytic properties.[24–27] 

Herein, we take a closer inspection to the rarely investigated 

bimetallic strategy (homo- vs hetero-bimetallic) in activating and 

reducing CO2. 

3.1. Homobimetallic Design 

3.1.1. Phosphine based catalysts 

The first reported bimetallic CO2 reduction catalyst dated back to 

1987 and the work of the group of Kubiak with a bimetallic ‘cradle’ 

nickel phosphine complex (catalyst 8a, Figure 1).[42] The catalyst 

operates at a potential as low as −0.67 V vs NHE. When it reacts 

with CO2 to produce structure 8b, it shows no direct cooperativity 

of the two metals in activating the CO2 substrate. Extended 

exposure to pressurized CO2 shows complete carbonylation of 

the catalyst forming the CO cradle complex 8c, where the 

carbonyl groups are now cooperatively stabilized by the Ni metals. 

This, however, leads to poisoning of the system and intriguingly, 

labelling studies suggested that these CO groups did not come 

from CO2. Further modifications in catalyst 9 still suffers from 

similar poisoning by the reaction product (CO), only achieving an 

estimated turnover frequency (TOF) of 1.0 s−1.[43]  

Palladium phosphine complexes, pioneered by the group of 

DuBois in 1991, have been shown to be highly active catalysts for 

CO2 reduction to CO at low overpotentials.[44] They suffer, 

however, from slow CO2 binding, which was considered the rate-

determining step in the catalytic cycle. A bimetallic Pd catalyst 

with methylene linker was synthesized (catalyst 10a)[45] to 

increase the affinity for CO2. It similarly mimics the activation in 

CODH with a seven membered CO2 adduct structure 10b (bold 

bonds). This results in a three orders of magnitude higher rate 

constant compared to the monometallic analogue. However, the 
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system displays a low turnover number (TON) of 8 during 

electrolysis at −0.67 V vs NHE in dimethylformamide (DMF) with 

0.1 M HBF4. This was explained by the formation of a Pd(I)-Pd(I) 

bond shown in structure 10c which significantly reduces catalyst 

lifetime. A more rigid meta-phenyl linker in catalyst 11 was 

attempted to prevent the dimer formation but it resulted in a lack 

of cooperative effects as the catalytic rates were comparable to 

the monometallic analogue.[46] 

 

Figure 1. Phosphine ligand based homobimetallic catalysts. 

3.1.2. Cyclam based catalysts 

After discovering the selective CO2 to CO electrocatalytic activity 

of Ni-cyclam in water (where cyclam denotes 1,4,8,11-

tetraazacyclotetradecane),[47] the group of Collin and Sauvage 

reported in 1988 a bimetallic Ni2(biscyclam)4+ complex (catalyst 

12, Figure 2).[48] The catalyst was electrocatalytically active in 

reducing CO2 to CO in water with a Faradaic efficiency (FE) of 

93%. Interestingly, formate was produced in DMF with 0.1 M H2O 

(68% FE at −1.16 V vs NHE). Unfortunately, the bimetallic catalyst 

shows much lower performance than its monometallic analogue 

in terms of both current density and selectivity. This was explained 

by the lower surface coverage of the adsorbed coplanar catalyst 

in which only one of the Ni sites is active.  

A methylated analogue, catalyst 12b, was consequently 

reported by the group of Mochizuki which showed an improved 

photocatalytic CO2 reduction to CO compared to the monometallic 

analogue when coupled with a Ru photosensitizer (PS) and 

ascorbic acid as a sacrificial electron donor (SED).[49] 

Unfortunately, no electrochemical data was given to show distinct 

differences nor was any experimental evidence for cooperativity. 

This might stem from the long separation of 8.3 Å between the 

coplanar Ni cyclam sites based on the X-ray crystal structure. 

Indeed, a systematic study by the group of Crayston on the linker 

length of similar cofacial arranged Ni cyclams (catalyst 13 and 14), 

showed poorer electrocatalytic performance of the bimetallic 

catalysts compared to their monometallic counterpart.[50] 

To better control the distance between the two metals, in 

2018, the group of Zhong and Lu synthesized catalyst 15a where 

the Ni cyclam units are linked by a more rigid ortho-phenyl spacer, 

compelling a cofacial configuration.[51] This catalyst showed 95% 

FE (0.6 mA cm−2) towards CO and a TOF of 190 s−1 at −1.16 V vs 

NHE in acetonitrile (CH3CN) with 11 M H2O. The cooperativity 

between the two metals was evidenced by the better performance 

of catalyst 15a compared to the monometallic analogue (FE of 

62%, 0.42 mA cm−2) or the coplanar bimetallic analogue 16 

connected through a para-phenyl spacer (FE of 25%, 0.4 mA 

cm−2). Density Functional Theory (DFT) calculations show that the 

improvement is due to the through-space stabilization between 

the partial negative charge on the COO species bound to one Ni 

and the positive charge of the other Ni (structure 15b). 

Interestingly, unlike in the CODH active site, the CO2 adduct still 

maintains a linear structure, possibly pertaining to the lower extent 

of activation in these cofacial Ni cyclams.  

Figure 2. Cyclam ligand based homobimetallic catalysts. Structure 15b 

reproduced from Ref. 51 with permission from the Royal Society of Chemistry. 

3.1.3. Polypyridyl based catalysts 

Though copper has been heavily studied for heterogeneous 

catalysis for CO2 reduction due to its inherent ability to go beyond 

the simple 2-electron reduction product,[52] it is rarely studied in a 

molecular bimetallic scheme. In 1994, the group of Haines and 

Kubiak first reported a bimetallic copper (II) complex with a 

PPh2bpy ligand [6-(diphenylphosphino)-2,2'-bipyridyl)], catalyst 

17 in Figure 3.[53] The catalyst reductively disproportionates two 

molecules of CO2 to produce CO3
2−and CO, with a TOF of only 2 

h−1. However, the mechanism is hypothesized to involve only one 

Cu metal to form a CO2 adduct, without providing the intended 

cooperativity between the two metals. A much more successful 

feat was reported by the group of Bouwman with bimetallic copper 

(I) catalyst 18a with N-(2-mercaptopropyl)-N,N-bis(2-

pyridylmethyl)amine ligand.[54] The catalyst is immediately 

oxidized by CO2 from air to form a tetranuclear copper (II) complex 

containing two bridging CO2-derived oxalates (structure 18b). The 

oxalate is quantitatively released upon reaction with a lithium salt 

and application of a potential of −0.03 V vs NHE regenerates the 

starting complex. A TON of six for a 7-hour catalysis has been 

demonstrated. Extra care must be given to confirm product origin 

because in another bimetallic Cu polypyridyl complex, oxalate 

was found to come from the oxidation of ascorbate, and not from 

the reduction of CO2.[55] The rarity of reports on such dicopper 

molecular system brings opportunities for further studies, 

especially since it could shed light on the selectivity control of 

metallic copper surfaces.  
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Figure 3. Polypyridyl ligand based homobimetallic catalysts. Structure 18B 

reproduced from Ref. 54, Copyright © 2010, The American Association for the 

Advancement of Science. Structure 22B reproduced from Ref. 61, Copyright © 

2019, under exclusive license to Springer Nature Limited. 

 

 The advent of electrocatalytic performance of bipyridyl 

carbonyl based Re and Mn complexes for CO2 reduction from the 

group of Lehn,[56] also made it possible to explore the bimetallic 

strategy. The group of Kubiak reported a hydrogen-bonded 

supramolecular Re dimer (catalyst 19) formed in situ when mixing 

catalysts with acetoamidomethyl-modified bipyridyl ligands.[57] 

This dimer operated at 250 mV lower overpotential compared to 

the monomeric catalyst but still suffered from a low TOF and FE. 

Similar hydrogen-bonded Re dimer was reported when using 

amino acid residues (tyrosine or phenylalanine)[58] extending the 

flexible control of the metal center distance. A more rigid Re dimer 

was reported by the group of Jurss with anthracene as a bridge 

to maintain good distances between the metal centers (catalysts 

20-21).[59] Electrochemical studies show distinct mechanisms for 

two isolated isomers of the dimers: the cis conformer (catalyst 20) 

works via a cooperative bimetallic CO2 activation and conversion 

while the trans conformer (catalyst 21) reduces CO2 on a single-

site, via a bimolecular pathway. DFT calculations show that the 

Re-Re distance in catalyst 20 is 3.4 Å, not too short to avoid 

formation of Re-Re bond but sufficient to activate a CO2 molecule. 

Higher catalytic rates are observed for the cis conformer (TOF of 

35 s−1) relative to the trans conformer (TOF of 23 s−1), 

outperforming the monomeric Re catalyst (TOF of 11 s−1). Similar 

trends were observed when the catalysts were compared in 

photocatalytic regime using 1,3-dimethyl-2-

phenylbenzimidazoline (BIH) as sacrificial electron donor.[60] 

The group of Lau and Robert have reported a bimetallic 

cobalt quaterpyridine catalyst 22 linked by a xanthene bridge that 

shows photocatalytic reduction of CO2 to either CO or formate 

depending on reaction conditions.[61] In an acetonitrile medium 

with Ru phenanthroline PS, selective production of formate (97%) 

with a TON of 386 was achieved when adding triethylamine (TEA) 

while CO was favored when phenol was added yielding 96% 

selectivity and TON of 829. The bimetallic cooperativity was 

supported by the much better activity compared to the 

monometallic analogue (TONHCOOH of 96 under similar conditions). 

More importantly, infrared spectroelectrochemistry (IR-SEC) 

evidenced an absorption band at 1635 cm‒1 corresponding to a 

stable adduct between CO2 and the four-electron reduced catalyst 

(structure 22b). Two electrons are located on one Co metal, which 

acts as nucleophile to bind the C atom of CO2, one electron is on 

the second Co metal acting as an electrophile to stabilize one O 

atom of CO2, and the fourth electron is delocalized over the ligand.  

Recently, a dicobalt catalyst with terpyridine ligands linked 

by a pyrazole unit was reported by the same group (catalyst 

23).[62] The catalyst showed selective electrocatalytic reduction of 

CO2 to CO in DMF with 1.5 M trifluoroethanol at −1.1 V vs NHE. 

However, it suffered from low FE of 39 %, deviating from the 

better performance of monometallic Co quaterpyridines, possibly 

indicating non-innocent role of the pyrazole linker. The distance 

between the two cobalt centers appears to play a crucial role in 

the intended cooperativity. No synergistic effects were observed 

for catalyst 24 with meta phenyl bridge resulting to a Co-Co 

distance of 5.8 Å (based on X-ray structure).[63] Though the 

catalyst showed a TON of 2600  and 97% CO selectivity with Ru 

phenanthroline PS and triethanolamine (TEOA) SED in CH3CN 

with 11 M H2O, it did not significantly differ from the monometallic 

analogue. A longer Co-Co distance of 14.8 Å (based on DFT) in 

catalyst 25 with rigid meta phenyl alkynyl bridge similarly showed 

no synergistic effect.[64] A TON of 360 and 92% CO selectivity was 

achieved using Ir(ppy)3 PS and TEA SED in DMF, which is not 

significantly different from the monometallic analogue when 

normalized to the same metal concentration. 

3.1.4. Porphyrin based catalysts 

Even though the activity of metalloporphyrin catalysts towards 

electrochemical reduction of CO2 was first reported in 1979 by the 

group of Toshima[65] and extensively optimized and 

mechanistically probed by the group of Savéant,[66,67] it was only 

in 2003 that the bimetallic activation using this ligand was reported 

by the group of Yamamoto.[68] A cofacial metalloporphyrin was 

self-assembled using electrostatic interactions between a cationic 

methylpyridylphenyl porphyrin and an anionic sulfonatophenyl 

porphyrin (catalyst 26, Figure 4). Catalytic CO2 reduction activity 

at −1.80 V vs Ag/Ag+, forming CO and formaldehyde, with traces 

of H2 (no quantification data available) was reported. The activity 

was attributed mostly to the Co cationic porphyrin unit while the 

anionic counterpart is assumed to act only as an electron 

mediator given its lack of activity under CO2 in a control 

experiment. 

More systematic studies were elegantly presented by the 

group of Naruta with cofacial iron porphyrins rigidly linked through 

different phenyl spacers (catalyst 27).[69] Controlling the 

positioning of the porphyrin moieties in the phenyl linker (either in 
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the ortho or meta positions), made it possible to control the 

distance and the angle between the Fe porphyrins. An ortho 

configuration (27a-ortho) expected to display a 3.2 – 4.0 Å Fe-Fe 

distance was suitable for activating the CO2 substrate. This 

resulted in a higher catalytic activity (TOF of 2 × 104 s−1, FECO of 

95%, overpotential of 0.71 V) compared to the monomeric catalyst, 

thus showing a synergistic cooperativity between the two Fe 

metals.  

Figure 4. Porphyrin ligand based homobimetallic catalysts. 

 

The performance of the catalyst was further optimized using 

through-structure electronic effects (catalysts 27b-f).[70] 

Introducing electron-withdrawing substituents on the phenyl rings 

of the porphyrin (30 fluorine atoms in catalyst 27b) lowers the 

catalytic overpotential to 0.56 V while maintaining a similar 

reaction rate constant. This breaks the electronic linear trend 

observed for monoporphyrin derivatives with substituted 

fluorophenyl groups (i.e., decrease of rate constant when 

overpotential is lowered),[67] further demonstrating the synergistic 

effect of the two metals. Introducing electron donating groups (6 

mesityl groups in catalyst 27e), on the other hand, resulted in 

higher catalytic activity (TOF of 6 × 105 s−1) at the cost of a higher 

overpotential (η = 0.91 V). Catalyst 27b was even shown to keep 

its good CO selectivity in aqueous media when immobilized on 

SnO2 or TiO2 coated fluorine-doped tin oxide (FTO) cathodes.[71] 

Cyclic voltammetry (CV) studies show overlapping stepwise 

reductions of the two iron porphyrin platforms, with the onset of 

the catalytic activity corresponding to the FeI/0 redox couple, 

indicating either the [FeIFeI] or [FeIFe0] to be the active species. 

For catalyst 27f having different electronic environment around 

the Fe metals, a clear separation of the stepwise reductions was 

observed, and a strong catalytic current occurred at the onset 

potential of the [FeIFe0] species. This was assumed to indicate 

that probably Fe0 acts as a Lewis base and FeI acts as a Lewis 

acid in this bimetallic configuration. Given that the Lewis acid 

should maintain its FeI state during/after the catalytic cycle, it is 

difficult to distinguish the attributed Lewis acid role from this CV 

measurement alone. 

Recently, the same group have reported a more flexible 

cofacial dimer with 1,2-phenylene amide bridge in catalyst 28.[72] 

Compared to the overlapping redox couples of the rigid catalyst 

27a, this flexible catalyst resulted in a splitting into six redox 

waves, which the authors attributed to ‘the long distance that 

electrons travel between the two Fe centers.’ We believe that it is 

more plausible that the flexibility of the bridge assuming various 

orientations on the polarized electrode causes such an effect. The 

presence of the electron withdrawing amide functions 

substantially shifted the onset potential for CO2 reduction to −0.9 

V vs NHE, achieving a quite low overpotential of 0.15 V. Moreover, 

the catalytic activity (TOF of 2 × 107 s−1) is substantially higher 

than the rigid catalyst 27a (TOF of 6 × 102 s−1) and monometallic 

analogue (TOF of 2 × 103 s−1) under the same conditions, owing 

to the free movement of the porphyrin platforms to accommodate 

and convert the CO2 substrate. Under heterogeneous conditions 

(adsorbed in Ketjen black carbon at glassy carbon, KBC@GC), 

catalyst 28 showed selective CO production in aqueous solution 

with current densities of 3.1 – 12.8 mA cm−2 at overpotentials of 

0.26 – 0.46 V. 

Inspired by the boosting effect of urea functions as multi-

point hydrogen bond donors in iron porphyrins,[73,74] our group has 

synthesized an iron porphyrin dimer bridged by a urea group in 

one of the ortho phenyl positions (catalyst 29)[75]. The crystal 

structure of the catalyst points to a good compromise between 

rigidity and flexibility as similarly assumed in catalyst 28. Unlike 

catalyst 28, catalyst 29 only showed three overlapping redox 

waves. Furthermore, CV of the homogeneous system points to no 

significant difference in the catalytic performances when 

compared to the monometallic analogue. The synergistic effect 

was only shown once the catalyst was adsorbed on multi-walled 

carbon nanotubes at carbon paper (MWCNT@CP) showing four 

times higher current density (while maintaining 89% FECO) than 

the monometallic iron porphyrin (with and without urea 

modification). The difference in the homogeneous performance in 

organic solvent and the heterogenized performance in aqueous 

solution relevantly points to differences in the rate-limiting step of 

the reaction mechanism. A similar iron porphyrin dimer but linked 

in the para position (catalyst 30)[76] where the Fe centers are 

farther apart, showed only two times higher current density (with 

89% FECO) than that of the monometallic iron porphyrin in 

heterogeneous conditions (MWCNT@GC). This highlights the 

importance of proper positioning of the two metal centers and the 

hydrogen bonding donor (urea group) within the catalytic pocket 

in a cofacial configuration (catalyst 29).  

3.1.5. Cryptate based catalysts 

The concept and design of bimetallic cryptates (Figure 5) was 

initially reported by Lehn in 1980.[77] The group of Nelson showed 

that bimetallic octaazacryptates can incredibly fix atmospheric 

CO2 as stable carbonates (catalyst 31).[78] With systematic 

modifications of the spacer groups in Ni (II) cryptates (catalyst 32), 

Apfel and colleagues even showed ability to fine tune CO2 

binding.[14,79]  

It was only in 2017 that photocatalytic CO2 reduction activity 

was reported by the group of Zhong and Lu for bimetallic Co 

cryptates (catalyst 33a) together with Ru phenanthroline PS and 

triethanolamine (TEOA) SED in CH3CN with 11 M H2O.[80] A Co-

Co distance of 5.8 Å was found to induce a synergistic effect of 

the two metals in displaying 98% CO selectivity and TOF of 0.47 

s−1, which is significantly higher than the monometallic analogue 

under the same conditions. The catalyst even maintained good 
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activity in dilute CO2 conditions (10% in Ar) owing to its good CO2 

binding ability. The [CoIICoII] species captures the CO2 substrate 

forming a carbonate cluster, but DFT suggests that the [CoIICoI] 

species reduces the substrate in a Lewis acid-base pair scheme.  

Figure 5. Cryptate ligand based homobimetallic catalysts. 

 

The system was further optimized by the group of Martinho 

looking at the effects of substituents on the phenyl spacer 

(catalyst 33a-d) on the photocatalytic activity.[81] Highest CO 

production rates of 1.32 s−1 with 95% selectivity were achieved 

with catalyst 33d owing to the electron-donating nature of the 

ethyne substituents. Only when the specific Ru 

phenanthroline/TEOA combination was used as PS/SED couple 

the system was active. Interestingly, at longer irradiation times (30 

h), CH4 was produced with optimized activity in catalyst 33b 

having 4% selectivity and TOF of 0.02 s−1. [13C]CH4 was 

confirmed with [13C]CO2 catalysis experiments, however, it is 

concomitant with the deactivation of the catalysts at this long 

irradiation times. 

 

3.1.6. Insights from homobimetallic design 

The added value of the second metal in a homobimetallic design 

must be evaluated based on the synergistic effects (or lack of) 

and must be distinguished from the catalytic activity of the 

mononuclear unit acting independently. If looking only at the 

performance of parent monometallic catalyst, the comparison 

would be similar with those already reported in literature.[25,82–85] 

In this line, initial efforts on homobimetallic strategy have focused 

on developing dimers based on already established monometallic 

catalysts (e.g., Ni cyclams, Fe porphyrins, Re bipyridyl 

triscarbonyl complexes, etc.). Thus, it seems that the critical factor 

controlling the cooperativity in these homobimetallic systems is 

the choice of the bridging linker. This choice affects (i) the 

distance between the two metal centers with the eventual 

accommodation of the CO2 substrate, and (ii) the electronic 

communication between the two catalytic platforms that plays an 

additional role in the electron transfer process.  

From the reports cited here, cooperative actions were 

observed for ortho-phenyl linkers in Ni cyclams and Fe porphyrins 

(catalysts 15a, 27a), rigid cis-configured anthracene bridge in Re 

bipyridyl catalysts (catalyst 20), flexible cofacial dimer with 1,2-

phenylene amide bridge (catalyst 28), and the cryptate cages 

separated by meta-linked phenyl spacers (catalyst 33). The 

compromise between rigidity and flexibility offered by these 

linkers must be systematically studied as synergistic effects might 

differ depending on how the catalytic platforms interact with each 

other. Importantly, the design of optimized bridging linkers may 

also include second coordination sphere effects such as 

hydrogen bond donors in catalyst 29 to further improve the 

catalytic performances, taking leverage of the growing efforts 

along this line.[24–27] Differing the roles of the two metal centers in 

this homobimetallic strategy has been systematically attempted 

by varying the electronic properties of each of the catalytic 

frameworks as shown by Naruta in catalyst 27, but much more 

evident effects were observed employing different metal centers 

as will be discussed in the next chapter. 

3.2. Heterobimetallic design 

On the background of the different homobimetallic systems 

discussed, it is interesting to look at their heterobimetallic 

counterparts (Figure 6) especially since each of the metal centers 

is expected to play different roles in the activation and conversion 

of CO2. Similar to the Ni-Fe metal centers in the CODH active site, 

one metal center is expected to act as the Lewis base pushing the 

electrons to the CO2 substrate, while the other acts as Lewis acid 

to promote C-O bond cleavage. In this heterobimetallic case, 

there are even much fewer reports given the added synthetic 

complexity. 

Figure 6. Heterobimetallic catalysts for CO2 reduction. 

 

The earliest report dated back to 2003 by the group of 

Yamamoto with cofacial Co-M (M = Cu, Fe, Ni, Cr, Zn) 

metalloporphyrins easily self-assembled through electrostatic 

interactions (catalyst 34).[68] The Co-Cu dimer gave the highest 

limiting current in rotating disc voltammetry, which was much 

higher than that of the homobimetallic Co-Co catalyst 26. 

Interestingly, switching to other metals (Fe, Ni, Cr, and Zn) in the 

anionic sulfonatophenyl porphyrin moiety resulted in a decrease 

of the limiting current. Unfortunately, no quantitative data (product 

amount, FE) was presented to solidify these claims and exert the 

heterobimetallic interactions toward CO2. 

The group of Kubiak utilized hydrogen-bonded 

supramolecular assembly to synthesize a heterobimetallic Re-Mn 

dimer (structure 35) simply by mixing 1:1 equivalents of the Re- 

and Mn-centered acetoamidomethyl-modified ligands.[86] The 

mixture yielded a modest 10% current enhancement compared to 

homobimetallic Re-Re and Mn-Mn analogues, and bulk 

electrolysis experiments exhibited similar turnover numbers and 

a lower FECO of 86% (Mn-Mn at 100%). The heterobimetallic 

nature was probed with IR spectroelectrochemistry and it was 

proposed that the active species involves a doubly reduced Mn 
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metal that binds and activates the CO2 substrate while the singly 

reduced Re metal transfers the electrons to the substrate.  

With the cryptate ligand, the group of Zhong and Lu reported 

a heterometallic Co-Zn catalyst (Complex 36) [87] which showed 

improved photocatalytic activity compared to its monometallic 

counterpart. This catalyst displayed a TOF of 1.8 s‒1 and a 98% 

selectivity for CO when photosensitized by a Ru phenanthroline 

PS in the presence of TEOA. Control experiments with Co-Co and 

Zn-Zn dimers confirmed the synergistic effect of the non-identical 

metal centers. DFT calculations suggested that the Co (I) metal 

acts as the redox active site while the redox innocent Zn (II) metal, 

which has stronger affinity with OH‒, greatly promotes the C‒OH 

cleavage in the O=C‒OH intermediate.  

Our group has also recently reported an Fe-Zn iron 

porphyrin dimer linked by a urea bridge (catalyst 37).[75] Crystal 

structure of the catalyst evidenced a lateral shift of the cofacial 

porphyrin rings with an Fe-Zn distance of 6 Å. A water molecule 

is found bound to Zn, supporting the abovementioned affinity of 

Zn (II) metal towards OH‒. This heterobimetallic catalyst exhibited 

a similar catalytic activity in the heterogeneous state 

(MWCNT@CP) as the Fe-Fe homobimetallic analogue (catalyst 

29) even though the Zn porphyrin was shown to be catalytically 

incompetent. This brings clear support to the participation of both 

metal centers (Fe-Fe vs Fe-Zn) in the catalytic process but with 

differing modes of action. Though [Fe0Fe0] was deemed the active 

species based on CV, it seems that only one of the Fe metals is 

acting as Lewis base while the other acts as Lewis acid as 

similarly found for [Fe0ZnII]. The cooperativity may be favoring 

either the CO2 binding or the C-O bond cleavage, identified as the 

possible rate determining step. 

A closest functional mimic of the [NiFe] CODH was reported 

by the group of Artero, Dey, and Duboc with a heterobimetallic Ni-

Fe catalyst 38 with bipyridyl-thiolate ligand.[88] The catalyst was 

initially reported as a bio-inspired model of the hydrogenase 

enzyme and was proven to be electrochemically active in H2 

production in acidic aqueous solutions.[89] The same catalyst was 

repurposed for CO2 reduction. Once physisorbed on edge plane 

graphite electrode, electrolysis generated a mixture of H2 (FE 

66%) and CH4 (FE 12%) as the products under optimal conditions 

(pH 4). The result is interesting with CH4 being the sole C-

containing product. [13C]CO2 experiments confirmed the origin of 

[13C]CH4 while electrolysis under CO atmosphere did not produce 

CH4 indicating that CO is not an intermediate in the catalysis. 

Synergistic effect was evidenced by the lack of any CO2 reduction 

activity from monometallic analogues (as well as from a closely 

resembling Ni-Fe bimetallic catalyst with Ni in S4 environment 

compared to N2S2 in catalyst 38). Even though no homogeneous 

electrocatalysis data has been shown, it was hypothesized from 

past reports that the Fe site is irreversibly poisoned by CO 

(inhibiting CO2 reduction), but the Ni site actively transfers the 

needed hydride to CO until CH4 is formed and released.  

4. Summary and Outlook 

In this review, we accounted for the bimetallic strategy of CO2 

activation in both enzymatic and artificial catalysts. Both share the 

molecular nature of the active site and provide a great avenue to 

understand the functioning of the natural catalysts and to 

implement the lessons learned in synthetic ones to control their 

performance. Knowledge of the catalytic mechanisms at work in 

a given system becomes rather crucial especially once these 

catalysts are heterogenized onto an electrode surface, where 

mechanistic studies are much more difficult. The variety of activity 

evaluations reported in electrocatalytic (homogeneous vs 

heterogenized) or photocatalytic regimes, and the unmatched 

trends and criteria in each regime make it difficult to present all 

comparisons in one single comprehensive plot. Nevertheless, one 

can make general observations, and from these, deduce some 

envisioned prospects. 

(i) Bi(multi)metallic activation of small molecules (O2, H2O, 

CO2, N2, NO, etc.) in nature to manage multi electron and proton 

catalysis is a common feature together with the added importance 

of amino acid residues orchestrated in the proximity of the active 

sites that can provide both hydrogen bond donors and 

electrostatic activators. The exact roles of each of these features 

are yet to be firmly confirmed, but they provide a good basis to 

employ bio-inspired strategies in artificial systems. 

(ii) The similarities in the structural features of CO 

dehydrogenases and enzymes that activate other small 

molecules (e.g., hydrogenases for proton reduction), 

incorporating iron-sulfur clusters and typical metals such as Fe 

and Ni, may point to difficulties in distinguishing CO2-activating 

processes from the competing proton reduction reaction within a 

strict biomimetic catalyst design. The fascinating chemistry of the 

biological reactions transforming CO2 stems from the fact that the 

mechanisms of the enzyme-catalyzed reactions are clearly still 

different from the wide variety of synthetic bioinspired models. 

Indeed, once we have a better understanding of the biological 

reactions, chemists will be able to design synthetic catalysts that 

mimic the subtleties of biological catalysts.  

(iii) There is a potential promise in bimetallic strategy for 

artificial catalyst design given that some reported systems here 

do not simply show additive properties of independent 

monometallic analogues. Careful design, however, is needed to 

control the topology between the metals and positioning them to 

establish proper activation and conversion of CO2 possibly by 

finding the right compromise between ligand flexibility and rigidity. 

This has also been the core optimization strategy in 

supramolecular assemblies and porous cages to effect 

synergistic action on substrate capture, accumulation and 

activation within catalytic microenvironments. 

(iv) Cofacial arrangements seem to generate synergistic 

improvement in these molecular bimetallic catalysts but are 

limited to a Lewis acid-base push-pull scenario, often giving a two-

electron reduction product. To go towards further reduced 

products, bimetallic strategy must be reinvented, for example, 

having one metal as the active catalytic center for CO2 and the 

other metal providing hydride in a tandem fashion. Similar to what 

is envisioned in heterogeneous catalysis, one metal can 

selectively reduce CO2 to CO while the other metal selectively 

transforms CO further to a more reduced form. Along this line of 

thinking, the relevance of a cofacial arrangement must be re-

evaluated for such tandem reactions.  

(v) Though reports are rare, a heterobimetallic activation 

strategy seems to provide another level of control that 

homobimetallic catalysts lack. The limitations of synthetic 

complexity to achieve this can be resolved by efforts on isolating 

statistical combinations or by stepwise synthetic methodology, as 

has been presented in some reports here.  

(vi) The advent and promise of rising trends in two-

dimensional arrangement of catalysts in covalent organic 
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frameworks (COFs), polymeric chains, fused macrocycles, and 

three-dimensional arrangements in metal organic frameworks 

(MOFs) should be guided by similar learnings from bimetallic 

strategy to ensure that the repeating units are not just 

independently functioning in the system but synergistically 

working together. These frameworks often provide porosity for 

increased local substrate concentrations, but the catalytic units 

are often far apart, and leveraging close interactions between the 

two metal centers might provide opportunities for improved 

performance and/or offer alternate reaction pathways. This would 

especially be relevant to some of the bimetallic heterogeneous 

systems that have already been reported for various 

environmental applications (capture, sensing, purification, and 

conversion). 

(vii) Systematic and control studies (e.g., bimetallic vs 

monometallic, hetero- vs homo-bimetallic, new system vs state-

of-the-art) are recommended to have accurate comparisons 

under the same experimental conditions. This makes it easier to 

establish structure-function relationships and performance trends. 

Further, this prevents and corrects any reproducibility issues from 

one report to another. 

(viii) Though challenging, mechanistic insights through 

theoretical calculations and spectroscopy based (ex situ, in situ, 

operando) techniques are helpful to complement catalytic studies 

and re-evaluate design for further optimization. This is highly 

important to identify the actual active catalytic species generated 

from the initial pre-catalyst in a dynamic reaction 

microenvironment.  

(ix) Combination of bimetallic strategy with second 

coordination effects (local proton sources, hydrogen bond donors, 

electrostatic activators) holds great promise as such combined 

effects are observed in natural systems (e.g., NiFe-CODH). To 

determine whether or not the various combinations lead to 

synergistic effects will require careful studies as some 

combinations might have detrimental effects. Nevertheless, such 

studies will shed light on our understanding of the unmatched 

activities of enzymes and confirm whether we are overpraising or 

underestimating nature’s tricks. 
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