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Abstract: 

Polypyridyl transition metal complexes represent one of the more thoroughly studied class of molecular 

catalysts towards CO2 reduction to date. Initial reports in the 1980’s began with an emphasis on 2nd and 3rd 

row late transition metals, but more recently the focus has shifted towards earlier metals and base metals. 

Polypyridyl platforms have proven quite versatile and amendable to studying various parameters that 

govern product distribution for CO2 reduction. However, open questions remain regarding the key 

mechanistic steps that govern product selectivity and efficiency. Polypyridyl complexes have also been 

shown to be amenable to a variety of immobilization methods to afford active catalytic materials for CO2 

reductions. While still an emerging field, materials incorporating molecular catalysts represent a promising 

strategy for electrochemical and photoelectrochemical devices capable of CO2 reduction. In general, this 

class of compounds remains on the most promising for the continued development of molecular systems 

for CO2 reduction and an inspiration for the design of related non-polypyridyl catalysts. 

 

1. Introduction 

 
In the context of global warming and the necessary substitution of renewable energies, solar and wind 

energy, for fossil fuels, efficient energy storage technologies need to be urgently developed.1,2 

Electrochemical storage, in the form of batteries, is one, extensively explored, option. Chemical storage, 

within chemical bonds of an energy-dense compound such as hydrogen from water splitting, offers 
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better gravimetric densities.3 Recently energy storage via reduction of CO2 has enjoyed renewed 

interest.4,5 Although reduction of CO2 into energy-dense liquid or gaseous fuels is a fascinating 

fundamental issue, its practical implementation into technological devices (electrolyzers coupled to 

photovoltaics or photoelectrochemical cells) is highly challenging due to the great stability of CO2 and 

thus the endergonic nature of its transformation. Furthermore, the reactions involve multiple electrons 

and protons and thus require efficient catalysts to mediate these transformations. Finally, a recurring 

issue is the competition with proton reduction into dihydrogen which calls for the development of 

selective catalysts and appropriate tuning of the reaction conditions (temperature, pressure, solvent,…). 

Although not the focus of the following review, it ought to be noted that complete energy storage system 

would necessitate the coupling of CO2 reduction with an anodic process, such as water or halide 

oxidation.  

 Regarding catalysts for CO2 reduction current research focuses on two types of compounds, 

solid materials and homogeneous metal complexes (coordination and organometallic complexes). While 

appreciating the first approach, a particular focus will be placed in this review on the benefits of molecular 

catalysts, which are often ideal in finely tuning their reactivity via synthetic modifications of the ligands.

 To mediate the multi-electron/multi proton transformations necessary for catalytic CO2 reduction 

molecular catalysts require the ability of storing multiple reducing equivalents. This can either be achieved 

by reducing the metal centre, which then necessitates a ligand field capable of stabilizing reduced metal 

ions, or by reducing the ligand scaffold, with the metal serving as a mediator for electron relay. In this 

context, polypyridine ligands have been appropriate to support catalysts for CO2 reduction, as they offer the 

ability to not only stabilize reduced metal centres but also accept reducing equivalents within the ligand π 

system, allowing for the storage of multiple reducing equivalents across the entire molecule.6–9 

Polypyridine ligands have been used extensively in catalysis for the activation of small molecules, 

amongst other applications, and thus represent an extremely broad and diverse class of ligands.10,11 Within 

the context of this review, we define polypyridyl ligands as possessing a minimum of two conjugated 

pyridine motifs, which might be more appropriately referred to as oligopyridines. Given nomenclature 

convention within organometallic catalysis, we have opted to continue the use of polypyridines to describe 

these ligands. The main classes of parent polypyridine ligands and their abbreviations are presented in 

Figure 1. These include bipyridine (bpy), terpyridine (tpy), quaterpyridine (qtpy), where 2, 3 or 4 pyridine 

groups are linked and conjugated, and also phenanthroline (phen) derivatives which offer a more rigid 

structure.  
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Figure 1. Structure and abbreviation of the most common polypyridyl ligands discussed herein (R = 2-

pyridyl). Abbreviations: phen = 1,10-phenanthroline, bpy = 2,2'-bipyridine, tpy=2,2':6',2''-terpyridine, 

qtpy = 2,2':6',2'':6'', 2''' quaterpyridine, tptz = 2,4,6-tri(pyridine-2-yl)-1,3,5-triazine, hamc-phen = diaza-

1,3(2,9)-diphenanthrolinacyclobutaphane, hamc-bpy = diaza-1,2,4,5(2,6)-tetrapyridinacyclo-

hexaphane, tppz = 2,3,5,6-tetra(pyridine-2-yl)pyrazine. 

Early developments of molecular CO2 reduction catalysts have indeed involved polypyridine 

ligands, with the seminal work of Sauvage/Lehn using [Re(bpy)(X)(CO)3] for photocatalytic and photo-

assisted CO2 reduction to CO.12 Many more followed in the 1980’s and 1990’s, but the field was revitalized 

in the 2010s with a particular focus on first row transition metals. While no comprehensive review of the 

field exists to date, this review aims to cover the entirety of the field of molecular CO2 reduction catalysed 

by polypyridyl complexes, focusing on mechanistic and selectivity aspects.13 In each section molecular 

polypyridyl complexes will be reviewed both for their electrochemical and photosensitized catalytic activity 

towards the reduction of CO2. Key advances and landmark papers will be discussed for Ru and Re-based 

catalyst, and comprehensive review will be given for all other metals. In the last section, advances towards 

applications with catalyst immobilization is presented providing a wider picture of the state-of-the-art in the 

field.  
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2. A note on comparing catalytic activity 
Within this review, efforts are undertaken to allow for comparison of the reactivity of different 

catalysts. This is achieved through tables, to help compare the activity and product selectivity of the different 

catalysts assessed electrochemically and in photochemical systems. When systems were studied 

electrochemically, all potentials were converted to Fc+/Fc whenever possible, and an emphasis is placed on 

product selectivity and faradic yields. For photochemical systems, turn-over-numbers (TON) are given, 

referring to the moles of product measured divided by the moles of catalyst. It is important to note that 

variations in experimental setups can render direct comparisons difficult. An important aspect of the value 

of this review is in providing these comparisons whenever possible. For this reason, “TON” reported after 

bulk electrolysis of homogeneous catalysts is not provided in this review. These numbers are too sensitive 

to the cell design to be meaningful to compare catalysts, unless exhaustive electrolyses were performed 

which is rarely the case in practice.  

For photocatalytic systems, an important parameter to report is the wavelength or range of 

wavelengths that are being used to irradiate the catalysts. Within this review, the wavelength of 

irradiation will be reported in nm for photocatalytic results. While normalizations cannot be made across 

different wavelengths, it should be noted that ranges of wavelengths contain more energy than single 

wavelengths, and short wavelengths are more energetic than longer wavelengths. Additionally, photon 

flux is an important factor in photocatalytic systems and is often unreported. Direct comparisons across 

different photocatalytic systems are difficult and standards for normalizing the irradiation energy per 

unit time represents an area than needs improvement within the field of molecular photocatalytic CO2 

reduction.  

Furthermore, the photocatalytic systems reported for CO2 reduction are often multi-component 

requiring a photosensitizer and a sacrificial electron donor. As a consequence, the choice of 

photosensitizer and sacrificial electron donor can affect the rates and product distribution by changing 

the nature of the rate-limiting step and the thermodynamic driving force. A direct catalyst evaluation 

would ideally assess these aspects within such multi-component photocatalytic systems. As the effects 

of photosentizers and sacrificial electron donors are not always reported in detail, we encourage readers 

to be mindful of the complexities the photocatalytic systems discussed herein and the possible role of 

each component to the observed activity.  

Electrocatalytic systems ought to be compared against a consistent reference potential. For 

aqueous systems, NHE (or SHE), is typically used as the reference potential. For organic solutions, the 

situation is more complex as various references exist and are used throughout the literature. For this 

review, we have recalculated all potentials to be with respect to the Fc+/Fc potential in a given solvent. 

The Fc+/Fc couple provides a practical reference that has been studied across a variety of solvents. For 

ease of comparison, we have also converted aqueous potentials to be reported versus Fc+/Fc using well 
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documented estimated of the Fc+/Fc potential versus NHE in aqueous conditions. Therefore, all 

potentials discussed within the review are directly comparable to one another. Few exceptions are 

present, due to some complex solvent mixtures or when the nature of the reference electrode used in the 

study is not fully specified. In some reports, the data was referenced internally using the 

ferrocenium/ferrocene couple but converted back to a different reference scale for publication. In such 

cases where the conversion used by the authors is explicitly stated, we have used this value for the 

conversion back to the Fc+/Fc scale. The other conversions used are outlined below. When solvent 

mixtures were used, the conversion for the major solvent was selected to provide a best estimate. A 

combination of the reference paper by Astruc14 and the Handbook of electrochemistry by Zoski15 have 

proven useful to obtain the following conversions.  

 The conversion factor for the SCE reference to Fc+/Fc is −0.382 V in CH3CN, −0.470 V 

in DMF and −0.435 V in DMSO.14  

 The conversion from NHE to Fc+/Fc is −0.720V in DMF, −0.690 V in CH3CN and 

−0.400 V in H2O.15  

 The conversion used from SSCE to SCE is −0.005 V, and +0.241 V is used from SCE to 

NHE in H2O.15   

 The pseudo reference Ag+|Ag 10 mM in CH3CN is converted to Fc+/Fc using −0.089 V, 

and AgAgCl 3M KCl/NaCl is converted to SCE using −0.032 V.15  

 Finally the conversion used from saturated Ag/AgCl to NHE is +0.197 V, and −0.044 V 

to SCE.15   

An important component of catalytic activity is the distribution of carbon-containing products 

obtained from CO2 reduction. From a thermodynamic perspective, the driving force for the formation 

of each product can vary significantly depending on solvent conditions.16 Within this manuscript, 

catalysis in a variety of different solvents and conditions will be described, thereby inhibiting direct 

comparisons of product distributions with regard to overpotential. However, general trends to consider 

for the standard reduction potential for the most common products (CO, HCOOH, CH2O, CH3OH, and 

CH4) is that the standard reduction potential for the more reduced products is more positive than that 

required for less reduced products.   
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3. 4d and 5d transition metals 
 

3.1. Polypyridyl complexes of Mo/W 

Recently the [M(bpy)(CO)3X] architecture was extended to Mo- and W- based catalysts. [M(L)(CO)4] 

(M = Mo and W with L = bpy and tBu-bpy) complexes were shown, by Kubiak and collaborators, to be 

catalysts for the reduction of CO2 to CO in CH3CN, even in the absence of a proton source.17 The 

reported TOF, as determined by cyclic voltammetry (CV), appears modest (on average 2 s-1) compared 

to the ones (> 300 s–1) reported for rhenium-based systems (vide infra) in the presence of TFE 

(trifluoroethanol). Only one tungsten complex, in Table 1, was analysed through controlled potential 

electrolysis (CPE). The main product observed during bulk electrolysis was CO, although traces of H2 

were observed as well, usually < 3%. Nervi, Gobetto and co-workers investigated the effect of 

introducing phenyl ring substituents to extend the π-system and shift the reduction potential to less 

negative values.18 The results of the CPE indicate a lower faradic yield of 35% for CO production. Hartl 

and co-workers reported the interaction of [Mo(CO)2(η3-allyl)(bpy)(NCS)] with CO2 in THF solutions,19 

and explored the reactivity of the parent M(bpy)(CO)4 (M = Mo or W) with CO2 on gold electrodes.20 

Using a combination of cyclic voltammetry and IR-spectroscopy, they propose [M(CO)3(bpy)]2
− as the 

active catalyst and explain the higher activity in N-methyl-2-pyrrolidone (NMP) versus THF by the 

easier dissociation of the CO ligand in NMP. These remain the only examples to date of Mo and W 

polypyridine-based homogeneous catalysts for CO2 reduction. 

Table 1. Tungsten polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Molecule R Solvent 
Applied 

potentiala 

Proton 

source 
Time 

Products 

(faradic 

yields) 

Ref. 

 

R1 = R2 = tBu 

R3 = H 
CH3CN −2.68 V ─ b 

CO (109%) 

H2 (<3%) 
17 

R1 = H; 

 R2 = R3 = C6H5 
CH3CN −2.58 V ─ 1h 

CO (35%) 

H2 (<3%) 
18 

a: potentials in V vs. Fc+/Fc. b: 24 min, 2h and 12h CPE were performed, it was not immediately apparent which one was 

used for product analysis.  

 

3.2. Polypyridyl complexes of Re 

Lehn, Ziessel and Hawecker,12,21,22 in the early 1980s, reported that Re(bpy)(CO)3Cl catalyses the 

reduction of CO2 to CO (90% faradaic efficiency) electrochemically in a DMF/water mixture (90:10, 

v:v) with Et4NCl as the supporting electrolyte (Table 2, entries 1-4). Catalysis occurred at 1.97 V vs. 

Fc+/Fc, in the one-electron reduction wave, on a glassy carbon electrode, suggesting that 

[Re0(bpy)(CO)3Cl] was the active catalytic species. Following these early observations, many bpy-

derivatives of Re(CO)3(L)Cl were assayed for CO2 reduction and were generally shown to behave in 

similar fashions. Additional details regarding other derivatives can be found within more comprehensive 



7 

 

reviews of the field.23,24 Within the context of this discussion, landmark studies and unique reports 

regarding the Re(bpy)(CO)3X class of compounds will be emphasised. 

 

Scheme 1. One- and two-electron pathway mechanisms proposed by Meyer in 1985. “A” is an oxide 

ion acceptor. The bipyridine ligand is abbreviated to NᴖN. 

In 1985, Meyer and collaborators studied by CV the electrochemical reduction of CO2 catalysed 

by Re(bpy)(CO)3Cl in MeCN and began proposing mechanistic models.25 A first reversible feature at –

1.68 V vs. Fc+/Fc was attributed to the one-electron reduction of the bpy ligand. The second, irreversible, 

feature, at around –1.98 V vs. Fc+/Fc, was assigned to a ReI/0 metal-centred reduction. Two pathways, 

depending on the applied potential, were proposed for the catalytic reduction of CO2 to CO and 

formation of CO3
2–, operating through either a one- or two-electron reduction of the catalyst (Scheme 1). 

Going down the two-electron reduction path (Scheme 1, right), transient formation of the two-electron 

reduced [Re0(bpy•)(CO)3Cl]– complex was claimed to be accompanied by fast loss of a Cl– ligand and 

an intramolecular electron transfer from the ligand to the metal ion, to formally yield [Re(bpy)(CO)3]– 

which is the active species for CO2 binding and reduction to CO. In the one-electron pathway (Scheme 1, 

left), a slow intramolecular electron transfer in [ReI(bpy•)(CO)3Cl]– resulting in [Re0(bpy)(CO)3Cl]– is 

required before the slow loss of the Cl– ligand. The Re0 centre is presumably capable of interacting with 

CO2 and reducing it into CO.  

In 1996 Johnson and collaborators studied the electrochemical reduction of CO2 to CO and 

formation of CO3
2– catalysed by the Re(L)(CO)3X class of complexes using IR 

spectroelectrochemistry.26 They reported that the two-electron reduction yielding [Re(bpy)(CO)3] was 

necessary for interaction with CO2 in MeCN. In weakly coordinating solvents such as THF, the one-

electron pathway becomes operational as solvent exchange with the chloride ligand is more likely. In 

the case of Re(dmbpy)(CO)3Cl, (dmbpy = 4,4’-dimethyl-2,2’-bipyridine) the five coordinate complex 

[Re(dmbpy)(CO)3] can react with CO2 directly, even in MeCN, via the one-electron pathway. These 

spectroscopic results demonstrated that both mechanistic pathways can be operational and are dependent 

upon solvent conditions, the nature of the bpy ligand as well as the applied potential.  



8 

 

More recently, in 2010, Kubiak and coll. reported a systematic study of ligand variations, using 

Re(CO)3(L)Cl complexes (L = bpy; dmbpy, dcbpy, 4,4’-dicarboxyl-2,2’-bipyridine; tBubpy, 4,4’-di-

tert-butyl-2,2’-bipyridine; MeObpy, or 4,4’-dimethoxy-2,2’-bipyridine) in MeCN.27 They observed an 

increased catalytic current for more electron-donating substituents. The best activity, as defined by a 

calculated turnover frequency corresponding to a measured peak catalytic current, was obtained with 

the tBu-substituted derivative (Table 2 entry 5). It was proposed that the steric strain of the tBu 

functionality served to inhibit the formation of an inactive dimer [ReI(L)(CO)3]2. This was in 

agreement with IR spectroelectrochemistry data which showed that, at potentials more positive than that 

for the second reduction event, formation of the Re dimer [ReI(bpy)(CO)3]2 was significant, while no 

[ReI(tBubpy)(CO)3]2 could be detected. At potentials more negative than the second reduction potential 

(ReI/0), the mononuclear [Re0(tBu-bpy)(CO)3] complex was found to be the major species, while it 

was the inactive dimer [ReI(bpy)(CO)3]2 using the bpy-based complex. Therefore, in the absence of 

steric strain on the polypyridyl ligand, an inactive dimer forms of the type [ReI(L)(CO)3]2. This is 

strong evidence highlighting the potential importance of monomeric active catalysts for this family of 

Re complexes. 

The steric and electronic effects on the bpy ligand were further investigated by Kubiak and coll. 

in 2014.28 By studying Re(CO)3(n,n’-dimethyl-bpy)Cl complexes (n = 3 and 5), they observed a higher 

catalytic current response with catalysts having methyl groups at 5- and 5’- positions as compared to 

unmodified bpy. In the contrary, catalysts with methyl groups at 3- and 3’- positions, bpy derivatives 

having similar Hammett parameters as 5,5’-methyl-bpy, showed a decreased catalytic current response 

as compared to bpy. Again the different behaviours could be explained by the larger steric hindrance 

created by methyl groups on 3- and 3’- positions of bpy.  

The effect of adding weak Brönsted acids to related electrochemical Re-based systems has been 

first studied by Wong and collaborators in 1998.29 The authors reported that the rate of electrocatalytic 

reduction of CO2 by [Re(bpy)(CO)3(py)]+ in MeCN could be enhanced by increasing the pKa of an 

external acid source (water, MeOH, trifluoroethanol and phenol). Under the optimised conditions, 

electrocatalytic reduction of CO2 to CO occurs with nearly 100% faradaic efficiency, and with an 

apparent order in protons for the reaction of two. As a confirmation, in 2012, Kubiak and coll. proposed 

on the basis of a H/D kinetic isotope study that the transfer of protons to Re-CO2 is the rate-determining 

step.30 

The deactivation pathways of these catalysts were studied in more detail in 2012 by Kubiak and 

collaborators.31 The inactive dimer [Re(bpy)(CO)3]2, supported by a Re–Re bond, was shown to be 

stable towards a one-electron reduction, but a second reduction event was required to break the metal–

metal bond. Further studies on photochemical deactivation of Re(dmbpy)(CO)3Cl were undertaken 

recently by Rieger and collaborators, who confirmed that the two main photo-deactivation pathways 
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involve [Re(dmbpy)(CO)3Cl], with monovalent Re and a radical anion on the ligand. This structure 

represents an electronic configuration required for catalysis yet is also susceptible to deactivation 

through dimerization.32 

As these Re-based systems have extensive experimental data available as a guidepost, the 

mechanism of CO2 reduction by Re(bpy)CO3(X) has been thoroughly studied computationally as well. 

Three major studies focus on explaining the selectivity between CO2 and proton reduction,33 the 

influence of weak Brönsted acids,34 and the differences between the Re system and an analogous Mn-

based system.35 Specifically in regards to mechanistic considerations, DFT analysis indicated that, in 

the complex [Re0(bpy)(CO)3] obtained from a two-electron reduction, a portion of the electronic 

charge in the π* orbital of bpy weakly overlaps the Re 5d orbitals and the HOMO involves thus both 

the metal center and the ligand. This electronic configuration drives the selectivity towards CO2 

reduction over H+ reduction through an essentially barrier-less interaction with CO2 as opposed to an 

approximately 21 kcal/mol unfavourable interaction with H+ (Scheme 2).30,33,36,37 The resulting 

[Re(bpy)(CO)3(CO2)]– intermediate is then computed to be susceptible to a barrier-less protonation to 

yield Re(bpy)(CO)3(CO2H) as a second intermediate. Conversion of Re(bpy)(CO)3(CO2H) into 

[Re(bpy)(CO)4] requires an additional electron and proton. The protonation step is rate limiting, and 

DFT calculations show that whether proton transfer or electron transfer occurs first depends on the 

applied potential.38,39  

  

Scheme 2. Mechanism proposed by Kubiak and Carter (reference 33). The bipyridine ligand is 

abbreviated to NᴖN. 

Most computed reports so far target the reduction of CO2 in the presence of excess H+ to CO 

and H2O. However, CO2 reduction with these catalysts often results in the formation of CO and CO3
2 
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as a result of the disproportionation of two equivalents of the one-electron reduced form of CO2. Since 

generation of [CO2]• is thermodynamically unfavourable and cannot occur at the potentials used 

experimentally, it is assumed that the reaction involves a bimetallic disproportionation of two reduced 

Re-CO2 complexes. In 2003, Fujita and coll. reported the presence of an important CO2-bridged dimer 

intermediate, (CO)3(dmb)Re-CO(O)-Re(dmb)(CO)3.40 Later, in 2012, Muckerman and coll. proposed a 

mechanism (Scheme 3) in dry DMF (no proton source) involving the intermediate formation of 

(CO)3(bpy)Re-CO(O)-Re(bpy)(CO)3, as proposed by Fujita.41 Then a second CO2 molecule inserts into 

the Re-O bond of the dimer, followed by an intramolecular rearrangement and a carbon-oxygen bond 

cleavage, finally yielding CO and carbonate.  

 

Scheme 3. Mechanism proposed by Muckerman41 ([ ]‡ denotes a transition state). The bipyridine ligand 

is abbreviated to NᴖN. 

In 2014, to evaluate further this bimetallic mechanism, Gilson, Kubiak and collaborators 

synthesised a modified version of the [Re(bpy)(CO)3]+ architecture by including substituents capable of 

hydrogen-bonding: 4,4′-bis(methyl acetamido-methyl)-2,2′-bipyridine (= dac).42 The ligand was 

designed as to helping the assembly of two Re-centres in close proximity and promoting the 

electrocatalytic disproportionation of two molecules of CO2 to CO and CO3
2 as opposed to converting 

CO2 and excess H+ to CO and water.42 This synthetic modification resulted in increased activity and 

supported the role of bimetallic constructs for the formation of CO and CO3
2– from two equivalents of 

CO2. (Table 2, entries 6-9)  

Table 2. Rhenium polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Entry Molecule R Solvent 
Applied 

potential 

Proton 

sourcea 

Time 

(h) 

Products 

(faradic 

yields in %) 

Ref. 

1 R = H DMF −1.97 V ─ 5 CO (92) 22 

2 R = H DMF −1.97 V  H2O (5%) 4 CO (93) 22 

3 R = H DMF −1.97 V  H2O (10%) 14 CO (≥ 94) 22 

4 R = H DMF −1.97 V H2O (20%) 3.5 CO (91) 22 
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5 

 

R = tBu CH3CN −2.38 V ─ 2 CO (99) 27 

6 R = dacb CH3CN −2.01 V ─ c CO (56) 42 

7 R = dacb CH3CN −2.01 V TFE (0.5M) c CO (73) 42 

8 R = dacb CH3CN −2.61 V ─ c CO (54) 42 

9 R = dacb DMF −2.50 V H2O (10%) c CO (95) 42 

10 R = CH3
 CH3CN −2.01 V ─ c CO (46) 42 

11 R = CH3
 CH3CN −2.01 V TFE (0.5M) c CO (65) 42 

12 R = CH3
 CH3CN  −2.61 V  ─ c CO (90)  42 

13 R = CH3
 DMF −2.50 V H2O (10%) c CO (95) 42 

a: %given by volume. b: dac = methyl acetamidomethyl. c: not specified. 

 

Re-based catalysts have also been extensively studied for photochemical CO2 reduction since 

1983.12 Re(bpy)(CO)3X is a photocatalyst. In a DMF-triethanolamine (TEOA) mixture (5:1, v:v), where 

TEOA served as both electron and proton donor, it converts CO2 into CO (27 TON within 3 hours 

photolysis) (Table 3). In this reaction Re catalysts are excited by light (λ> 400 nm) forming a triplet 

metal-to-ligand charge transfer (3MLCT) excited state, which is quenched by TEOA to produce the one-

electron reduced complex [Re(bpy)(CO)3X].43 In 1997, Ishitani and coll. demonstrated that the latter 

reacts with CO2 in the dark.44  

The effect of the ligand X on Re(bpy)(CO)3X (X = NCS, Cl and CN) activity was investigated 

in 2008 by Ishitani and collaborators.45 The ligands NCS and Cl can be quickly released upon 

excitation and reduction, while this was not the case for CN. Thus Re(bpy)(CO)3CN is not a 

photocatalyst. It has been proposed that the reduced complex [Re(bpy)(CO)3NCS] was not only the 

source of the catalytically competent species [Re(bpy)(CO)3] , but also an electron donor (Scheme 4). 

 

Scheme 4. Mechanism proposed by Ishitani in photochemistry.45 The bipyridine ligand is abbreviated 

to NᴖN. 

Recently the active catalyst in all these systems using Re(bpy)(CO)3(X) in DMF/TEOA 

solutions was identified as the Re(bpy)(CO)3(CO2-TEOA) species shown in Figure 2. This provided 

new insights into the role of TEOA which also contributes to capture CO2. Formation of this intermediate 

was shown to be very effective, and to allow trapping low concentrations of CO2, even in air.46 
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Figure 2. Structure proposed of Re-CO2-TEOA complex. 

 Ishitani and collaborators also contributed to improve these systems by using different 

sacrificial electron donors: a NAD(P)H model compound 1-benzyl-N,N-diethylnicotinamide (BNAH)47 

as well as two benzoimidazole derivatives 1,3-dimetheyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole 

(BIH)48 and, more recently, 1,3-dimethyl-2-(o-hydroxyphenyl)-2,3-dihydro-1H-benzo[d]imidazole 

(BI(OH)H)49 (Figure 3). With these compounds a base is nevertheless needed, such as TEA or TEOA. 

BIH and BI(OH)H can provide two electrons at once, and BI(OH)H can provide two protons as well. 

 

Figure 3. Structure of the electron donors BNAH, BIH and BI(OH)H proposed by Ishitani.  

Ishitani and collaborators have also made great strides in extending these Re catalysts towards 

visible-light driven photosensitized systems. One of the major advances resides in the development of 

supramolecular photocatalysts combining a Re-based unit with Ru-based photosensitizing unit linked to 

each other, which proved more efficient than systems in which the two units are separated (Table 3, 

entries 3-7;9).50 These studies nicely demonstrated that conjugated bridging linkers were not appropriate 

and that the best performances were obtained with systems having an aliphatic chain as the linker 

(Table 3 entry 7). Variations were then brought to these systems via introduction of P-based43,51 and 

pyridyl52–54 ligands on the Re catalytic site, insertion of one O/S atom in the alkyl bridge,55 and synthesis 

of Ru/Re tri-56 and tetra-nuclear50 supramolecular catalysts. Zn/Pd-based porphyrin photosensitizing 

units have also been coupled to a [Re(bpy)(CO)3L]+ (L = picoline) unit.57–59 

Recently, Ishitani and collaborators reported a supramolecular Ru-Re complex that can 

photocatalytically reduce CO2 to formic acid when photolysed in aqueous solution with ascorbate as the 

electron donor (Table 3, entry 8).60 The system also produces a small amount of H2 and CO (25 TON 

of HCOOH, 4.6 TON of H2 and 1.2 of CO). Formation of formic acid and not CO is intriguing but a 

system working in water without producing H2 as the major product is interesting. However, in aqueous 

conditions, ligand substitution is observed on the photoactive Ru centre, which is believed to lead to 

catalyst deactivation.  
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Ishitani and coll. also developed a supramolecular catalysts Ru/Os-Re(CO)2(PR3)2,54,61 with two 

CO and two P-based ligands to the Re center. With R = p-FPh, the catalyst was remarkably active with 

a high turnover frequency of CO formation (281 h-1), allowed by a fast and exergonic electron transfer 

from the reduced Ru moiety to the Re center (Table 3). 

Table 3. Rhenium polypyridyl complexes assessed for catalytic CO2 reduction through Photolysisa 

Entry Molecule  λb 

Photosensitizer 

/ Electron 

donor 

Time 

(h) 

Products 

(TON) 
Ref. 

1 

 

R = H, X = Cl >400a ─ /TEOA 4 CO (27) 12 

2 R = H, X = Br >400a ─ /TEOA 4 CO (20) 12 

3 R = CH3, X = Cl >500 
[Ru(dmb)3]2+/ 

BNAH 
16 CO (101) 50 

4 R = CH3, X = Cl >500 ─ / BNAH 16 CO (15) 50 

5 

 

X = (4dmbpy)2Ru, 

Y = Re(CO)3(Cl) 
>500c ─ / BNAH  16 CO (14) 50 

6 
X = Re(CO)3(Cl), 

Y = (4dmbpy)2Ru 
>500c ─ / BNAH  18.5 CO (28) 50 

7 

 

 

R = H, X = 

Re(CO)3(Cl); Z = 

CH2CH(OH)CH2 

>500c ─ / BNAH 12.5 CO (50) 50 

8 

R = H, X = 

Re(CO)3(Cl); Z = 

CH2CH2 

>500c ─ / Sodium 

ascorbate 
24 

HCOOH 

(25); CO 

(1); H2 (5) 

60 

9 

 

X = Re(CO)3(Cl); Z 

= CH2CH(OH)CH2 
>500c ─ / BNAH 16 CO (170) 50 

10 
Z = CH2CH2; X = 

Re(CO)2(P(pF-Ph)3)2  
>500 ─ / BNAH 20 

CO (207) 

H2 (9) 
54 

11 
Z = CH2CH2; X = 

Re(CO)2(P(pF-Ph)3)2 
>500 ─ / BIH 20 

CO 

(3029) 
48 

12 
X = Re(CO)2(PPh3)2; 

Z = CH2CH2 
>500 ─ / BNAH 20 

CO (144) 

H2 (15) 
54 

13 

X = 

Re(CO)2(P(OEt)3)2; Z 

= CH2CH2 

>500 ─ / BNAH 20 
CO (22) 

H2 (10) 
54 

14 

X = 

Re(CO)2(P(OEt)3)2; Z 

= CH2OCH2 

>500 ─ / BNAH 20 CO (253) 55 

15 

X = 

Re(CO)2(P(OEt)3)2; Z 

= (CH2)3  

>500 ─ / BNAH 20 CO (178) 55 

16 

X = 

Re(CO)2(P(OEt)3)2; Z 

= CH2SCH2  

>500 ─ / BNAH 20 CO (73) 55 

17 

 

 >500c ─ / BNAH 16 CO (240) 50 

18 

 

X = Os(5dmbpy)2,  

Y = Re(CO)2(P(pCl-

Ph)3)2 

Z = CH2CH2 

>620c ─ / BIH 20 

CO 

(1138) 

HCOOH 

(4) 

61 

a: all experiments were run in DMF/TEOA (1:5, v/v) except entry 8 which was run in H2O at pH 5.5. b: irradiation 

wavelength. 
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In summary, reports on Re-polypyridyl complexes as CO2 reduction catalysts are plentiful and 

primarily involve a family of complexes with a general structure of Re(bpy)(CO)3(X). These catalysts 

are stable and synthetically tuneable, which has afforded the opportunity to evaluate the mechanism of 

CO2 reduction in detail. As these systems predominantly and selectively produce CO from CO2 

reduction, in depth mechanistic considerations regarding factors governing selectivity for CO over other 

carbon containing products as well as CO2 reduction over H+ reduction are unavailable. Since Re-

polypyridyl catalysts have been demonstrated to be quite active in both electrocatalytic and 

photocatalytic systems, numerous ligand modifications have been reported. However, these 

modifications predominantly involve the electronic tuning of the parent bpy ancillary ligand, with 

significantly fewer reports towards the use of other polypyridyl structures of higher denticity or different 

coordination geometries. 

3.3. Polypyridyl complexes of Ru/Os 

Ru and Os complexes have afforded an interesting variety of mechanistic observations. A particular 

emphasis will be placed on the mechanisms proposed for the Ru(bpy)x and Ru(tpy)(bpy) family. 

Furthermore, as they generate a greater variety of products (as opposed to Re which almost exclusively 

yield CO as a CO2 reduction product) the product selectivity issue has been specifically addressed. On the 

other hand, similar Ru and Os complexes have been reported to result in different catalytic behaviour. Given 

the common usage of Ru(bpy)3
2+ as a photosensitizer during photocatalytic reduction of CO2 and the 

propensity of this complex to decompose under irradiation, the behaviour of compounds derived from 

Ru(bpy)x is of particular interest. 

3.3.1. Polypyridyl Ruthenium Complexes 

The [Ru(bpy)2(CO)n(X)m](2–m)+ family of compounds has received much attention over the past decades. 

Electrochemical CO2 reduction catalysed by [Ru(bpy)2(CO)2]2+ and [Ru(bpy)2(CO)Cl]+ was initially 

investigated by Ishida et al. using a H2O/DMF (90:10, v:v) solvent mixture.62,63 Bulk electrolyses at 

2.14 V vs. Fc+/Fc yielded different products depending on the pH of the solution. In slightly acidic 

conditions (pH = 6) a mixture CO and H2 was produced, but under more basic conditions (pH = 9.5) 

formate was the major product (Table 4). [Ru(bpy)2(CO)(COOH)]+ was proposed to be the critical 

selectivity-determining intermediate (Scheme 5). Under acidic conditions, [Ru(bpy)2(CO)(COOH)]+, 

resulting from the protonation of the CO2 adduct, [Ru(bpy)2(CO)(CO2)]0, is protonated to yield an 

equivalent of H2O and [Ru(bpy)2(CO)2]2+. Subsequent two-electron reduction triggers the loss of CO 

and allows the complex [Ru(bpy)2(CO)]0 to coordinate a new molecule of CO2. Formation of H2 occurs 

via a different mechanism, initiated by the protonation of the [Ru(bpy)2(CO)2]2+ intermediate. In basic 

conditions, [Ru(bpy)2(CO)(COOH)]+ is proposed to react with a proton and two electrons to yield 

HCO2
− and regenerate [Ru(bpy)2(CO)]0. Of note, this process directly does not generate the 
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[Ru(bpy)2(CO)2]2+ complex and thus much less H2 is produced. These proposed mechanisms are 

supported by the changes in the observed product distribution as a function of the pKa of the externally 

added acid source. At high pKa production of formate is favoured whereas CO and H2 are favoured in 

the presence of stronger acids (Table 4).62 

 

Scheme 5. Mechanism proposed by Ishida et al., see references 62 and 63. The bipyridine ligands are 

abbreviated to NᴖN. 

An alternative mechanism for the formation of formate by this class of compounds was proposed 

by Meyer and co-workers while studying the catalytic activity of cis-[Ru(bpy)2(CO)H]+ (Table 4).64 

Under preparative electrolyses of cis-[Ru(bpy)2(CO)H]+ under CO2 reduction conditions, FTIR 

spectroscopy was used to identify cis-[Ru(bpy)2(CO)H]+ along with cis-[Ru(bpy)2(CO)(OC(O)H)]+ and 

cis-[Ru(bpy)2(CO)(NCCH3)]2+ within the solution. They thus proposed a mechanism of formate 

production through the direct insertion of CO2 into the Ru–H bond (Scheme 6).64 This mechanism was 

unique in that it suggested (i) that a Ru–H bond was critical to the production of formate (ii) that no 

direct CO2 adduct to a Ru centre was necessary for formate production and (iii) that redox equivalents 

were stored on the polypyridyl ligands.64 
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Scheme 6. Mechanism proposed by Meyer in 1991, see reference 64. The bipyridine ligands are 

abbreviated to NᴖN. 

 

Table 4. Ruthenium polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 
Proton sourceb 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 

[Ru(bpy)2(CO)2]2+ 

H2O/DMF 

(1:1) 

−1.5 V vs. 

SCE 
─ c 

CO (51); H2 (─); 

HCO2
− (35) 

63 

2 
H2O/DMF 

(9:1) pH 6 
−1.66 V ─ c CO (27); H2 (35) 63 

3 H2O pH 6 −1.66 V ─ c CO (17); H2 (54) 63 

4 
H2O/DMF 

(1:1) pH 6 

−1.5 V vs. 

SCE 
─ c CO (42); H2 (3) 63 

5 

H2O/DMF 

(9:1)  

pH 9.5 

−1.66 V ─ c 
CO (26); H2 (37); 

HCO2
− (38) 

63 

6 

[Ru(bpy)2(CO)Cl]2+ 

H2O/DMF 

(1:1) 

−1.5 V vs. 

SCE 
─ d 

CO (55); H2 (5); 

HCO2
− (17) 

63 

7 
H2O/DMF 

(9:1) pH 6 
−1.66 V ─ c CO (21); H2 (42); 63 

8 

H2O/DMF 

(9:1)  

pH 9.5 

−1.66 V ─ e 
CO (28); H2 (44); 

HCO2
− (26) 

63 

9 CH3CN −1.68 V 
0.2 M 

MeNH2•HCl 
c 

HCO2
− (64); CO (20); 

H2 (3) 
62 

10 CH3CN −1.68 V 
0.2 M 

Me2NH•HCl 
c 

HCO2
− (84); CO (2); 

H2 (7) 
62 

11 CH3CN −1.68 V 
0.2 M 

Me3N•HCl 
c 

HCO2
− (56); CO (6); 

H2 (31) 
62 

12 CH3CN −1.68 V PhCO2H c 
HCO2

− (23); CO (10); 

H2 (51) 
62 

13 CH3CN −1.68 V PhOH c 
HCO2

− (81); CO (16); 

H2 (<1) 
62 

14 cis-[Ru(bpy)2(CO)H]+ CH3CN 
−1.68 to 

−1.98 V 

H2O 3 mM to 

0.40 M 
f 

CO (57); H2 (8); 

HCO2
− (17) 

64 

15g trans(Cl)-

Ru(Mesbpy)(CO)2Cl2 

CH3CN −1.7 V Phenol 0.5 M h 
CO (63); H2 (2); 

HCO2
− (h) 

65 

16g CH3CN −2.2 V Phenol 0.5 M h CO (95); H2 (1) 65 

17 Ru(tpy)(CO)(Cl)2 CH3CN −1.64 V H2O 20% i CO (60); HCO2
− (10) 66 
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18 

 

CH3CN −1.82 V ─ 1 CO (95) 67 

19j [Ru(tpy)(6DHBP)(S)]2+ CH3CN −2.3 V ─ 1 CO (6); HCO2
− (9) 68 

20k [Ru(tpy)(4DHBP)(S)]2+ CH3CN −2.3 V ─ 1 CO (14); HCO2
− (18) 68 

21 

 

DMF/H2O 

(2:8) pH 9 

−1.70 V vs. 

Ag+|Ag 
─ h 

CO (35); HCO2H (30); 

H2 (20); CH3OH (0.4) 
69 

22 EtOH 
−1.70 V vs. 

Ag+|Ag  
H2O 20% h 

CO (h); HCO2H (h); H2 

(h); CH3OH (0.3) 
69 

23 EtOH 
−1.70 V vs. 

Ag+|Ag 
H2O 20% c 

HCHO (h); HCO2H 

(h); H(O)COOH (h); 

HOCH2COOH (h); 

CH3OH (h); CO (h); 

69 

24 

 

CH3CN −2.3 V ─ 1 CO (30); HCO2
− (8) 68 

25 CH3CN −2.21 V ─ 5 

CO (76); HCO2
− (< 

20%); HCO3
(h); 

CO3
2(h) 

70 

26 CH3CN −1.99 V H2O 10% 3 CO (90); H2 (<2) 71 

27 CH3CN −1.99 V 
H2O 10% 

H2PO4 50 mM 
3 CO (43); H2 (52) 71 

28 CH3CN −1.99 V 
H2O 10% 

H2PO4 0.25 M 
3 CO (35); H2 (65) 71 

29l 

[Ru(tpy)(Mebim-

py)(S)]2+ 

CH3CN −2.15 V ─ 5 
HCO3

(h); CO3
2(h); 

CO (85); HCO2
− (< 

20) 

70 

30l CH3CN −2.14 V H2O 5% 3 

CO (85); H2 (<2); 

CH3OH (−); HCHO 

(−); HCO2
− (−) 

72 

31m 

[(bpy)2Ru(dmbbbpy)]2+ 

CH3CN −2.08 V H2O 2% d HCO2
− (89); CO (2-3) 73 

32m CH3CN −2.08 V ─ n 
C2O4

2− (64); CO (─); 

HCO2
− (─) 

73 

33m [(bpy)2Ru(dmbbbpy)Ru(

bpy)2]4+ 

CH3CN −1.98 V H2O 2% h HCO2
− (90) 73 

34m CH3CN −1.98 V ─ h C2O4
2− (70) 73 

a: potentials in V vs. Fc+/Fc except otherwise noted. b: % given by volume. c: after 100 C passed. d: after 90 C. e: after 75 C. 

f: after 4.8 to 28.2 C. g: Mesbpy = 6,6′- dimesityl-2,2′-bipyridine. h: not specified. i: after 68 C. j: 6DHBP = 6,6′-dihydroxy-

2,2′-bipyridine. k: 4DHBP = 4,4′-dihydroxy-2,2′-bipyridine. l: Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene. m: 

dmbbbpy = 2,2’-bis(1-methylbenzimidazol-2-yl)-4,4’-bipyridine, S = solvent. n: after 50 C.  

 

 One of the most commonly used photosensitizers is [Ru(bpy)3]2+. Lehn and Ziessel in 1990 

studied the activity of [Ru(bpy)3]2+ and [Ru(phen)3]2+ as photocatalysts for CO2 reduction.74 In 

DMF/water mixtures, in the presence of TEOA, irradiation of solutions of [Ru(bpy)3]2+ at  > 400 nm 

resulted in the conversion of CO2 into formate. The amount of formate formed depended on the water 

content with the highest activity obtained with 15 % of water (Table 5, entries 1-6).74 This activity was 

proposed to arise from the partial transformation of [Ru(bpy)3]2+ into [Ru(bpy)2]2+, which behaves as an 

active catalyst. The lack of reactivity of the [Ru(phen)3]2+ complex further supported this hypothesis 

since the latter is more stable under irradiating conditions (Table 5 entry 10).74  

Table 5. Ruthenium polypyridyl complexes assessed for photocatalytic CO2 reduction 

Entry Molecule Solventa Irradiation 
Electron 

donor 

Time 

(h) 

Products 

(TON) 
Ref. 

1 
[Ru(bpy)3]2+ 

DMF / H2O 0% >400nm TEOA  2 HCO2
− (─) 74 

2 DMF / H2O 5% >400nm TEOA 2 HCO2
− (40) 74 



18 

 

3 DMF / H2O 15% >400nm TEOA 2 HCO2
− (69) 74 

4 DMF / H2O 30% >400nm TEOA 2 HCO2
− (58) 74 

5 DMF / H2O 40% >400nm TEOA 2 HCO2
− (41) 74 

6 DMF / H2O 50% >400nm TEOA 2 HCO2
− (22) 74 

7b DMF / H2O 30% 455 nm BNAHc 2 
HCO2

− (0.4); 

CO (2) 
75 

8 DMF > 320 nm TEOA 20 HCO2
− (7) 76 

9 CH3CN > 320 nm TEOA 20 HCO2
− (0) 76 

10 
[Ru(phen)3]2+ 

DMF / H2O 0-15 

% 
>400nm TEOA 3 HCO2

− (─) 74 

11 DMF > 320 nm TEOA 20 HCO2
− (7) 76 

12 

 

DMF / TEOA 

20% 
> 500 nm BI(OH)Hd 20 

HCO2
− 

(2766); CO 

(215); H2 

(212) 

49 

13 
DMF / TEOA 

20% 
> 500 nm BIHe 20 

HCO2
− 

(641); CO 

(237); H2 

(13) 

49 

14 
DMF / TEOA 

20% 
> 500 nm BNAHf 20 

HCO2
− 

(562); CO 

(69); H2 (29) 

49 

a: % given by volume. b: performed in supercritical CO2 at 150 bar.  

 

With a better understanding of the reactivity of these photosensitizers, Ziessel and Lehn used 

[Ru(bpy)3]2+ and [Ru(phen)3]2+ to photosensitize a variety of ruthenium bis-bipyridine catalysts.74 The 

conditions yielding the most productive systems are presented in Table 6. The general trend observed 

is that higher activities were obtained in the absence of water. Moreover, formate production was lower 

with [Ru(phen)3]2+ than with [Ru(bpy)3]2+ as the photosensitizer.74 This general behaviour was 

confirmed by Tanaka and co-workers (Table 6).76  

More recently the selectivity for CO or formate production was investigated as a function of 

CO2 pressure. It was shown that CO production: (i) increases linearly with CO2 pressure up to 150 bars, 

and (ii) is enhanced in a biphasic water/DMF supercritical CO2 mixture. Formate production on the other 

hand is independent of CO2 pressure in the 10-150 bar range in water/DMF solutions.75 These 

observations support the Ishida-mechanism for CO production through a direct Ru–CO2 interaction and 

the Meyer-mechanism for formate production through CO2 insertion into a Ru–H bond. 

In NMP instead of DMF, with an iridium-based photosensitizer, Beller and co-workers observed 

the production of mixtures of CO, formate and hydrogen using ruthenium bis-bipyridine catalysts 

(Table 6).77 The iridium photosensitizer [Ir(ppy)2(bpy)]+ (ppy = 2-phenylpyridine) was selected to avoid 

potential formate production from the decomposition of [Ru(bpy)3]2+ and NMP was preferred to DMF 

as mixtures of DMF and TEA/TEOA have been shown to generate some formate .78,79  

Ishitani and co-workers developed a supramolecular compound, with a [Ru(bpy)2(CO)2]2+ unit 

tethered to two [Ru(4dmbpy)3]2+ (4dmbpy = 4,4’-dimethyl-2,2’-bipyridine) units, which generates 

formate as the major product, although the activity and selectivity were dependent on the electron donor 
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used (Table 5 entry 12-14).49 The activity of this photocatalyst is higher than the combination of the 

two separated units (Table 6 entry 35).49 

Table 6. Ruthenium polypyridyl complexes photosensitized for photocatalytic CO2 reduction 

Entry Molecule Solventa Irradiation 
Photosensitizer / 

Electron donor 

Time 

(h) 
Products (TON) Ref. 

1 

[Ru(bpy)2(CO)2]2+ 

DMF > 400 nm 
[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (29) 74 

2 
DMF / 

H2O 15% 
> 400 nm 

[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (13) 74 

3 DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (54) 74 

4 
DMF / 

H2O 15% 
> 400 nm 

[Ru(bpy)3]2+ / 

TEOA 
4 HCO2

− (19) 74 

5 DMF > 320 nm 
[Ru(bpy)3]2+/ 

TEOA 
20 HCO2

− (394) 76 

6 DMF > 320 nm 
[Ru(phen)3]2+/ 

TEOA 
20 HCO2

− (150) 76 

7 CH3CN > 320 nm 
[Ru(bpy)3]2+/ 

TEOA 
20 HCO2

− (93) 76 

8 DMF > 400 nm 
[Ru(bpy)3]2+ / 

BNAH 
10 

HCO2
− (<10); CO 

(<10) 
76 

9 
DMF / 

H2O 10% 
> 400 nm 

[Ru(bpy)3]2+ / 

BNAH 
10 

HCO2
− (155); CO 

(125) 
76 

10 
DMF / 

H2O 30% 
> 400 nm 

[Ru(bpy)3]2+ / 

BNAH 
10 

HCO2
− (50); CO 

(125) 
76 

11 

Ru(bpy)2(Cl)2 

DMF > 320 nm 
[Ru(bpy)3]2+/ 

TEOA 
20 HCO2

− (193) 76 

12 NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c HCO2

− (13); CO 

(1); H2 (2) 
77 

13 

[Ru(bpy)2(CO)Cl]+ 

DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (163) 74 

14 DMF > 400 nm 
[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (36) 74 

15 
DMF / 

H2O 15% 
> 400 nm 

[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (42) 74 

16 
DMF / 

H2O 15% 
> 400 nm 

[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (17) 74 

17 NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c CO (40); HCO2

− 

(419); H2 (67) 
77 

18 

[Ru(bpy)2(CO)H]+ 

DMF / 

H2O 15% 
> 400 nm 

[Ru(bpy)3]2+ / 

TEOA 
1 HCO2

− (21) 74 

19 DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (161) 74 

20 DMF > 400 nm 
[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (43) 74 

21 
DMF / 

H2O 15% 
> 400 nm 

[Ru(phen)3]2+ / 

TEOA 
3 HCO2

− (19) 74 

22d 
DMF / 

H2O 30%  
455 nm 

[Ru(bpy)3]2+ / 

BNAH 
2 

CO (1020); 

HCO2
− (100) 

75 

23 NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c CO (25); HCO2

− 

(225); H2 (62) 
77 

24 

[Ru(bpy)2(py)Cl]+ 

DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (60) 74 

25 
DMF H2O 

15% 
> 400 nm 

[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (12) 74 

26 [Ru(bpy)2(DMF)2]2+ DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (66) 74 

27 Ru(bpy)2(CO3) NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c 

HCO2
− (21); CO 

(2); H2 (4) 
69 

28 [Ru(bpy)2(acetone)2]2+ NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c 

CO (4); HCO2
− 

(75); H2 (44) 
77 
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29 [Ru(bpy)2(CO)(H2O)]2+ NMPb 
400-700 

nm 

[Ir(ppy)2(bpy)]+ 

/ TEOA 
c 

CO (45); HCO2
− 

(335); H2 (65) 
77 

30 

Ru(bpy)(CO)2(Cl)2 

DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (128) 74 

31 
DMF H2O 

15% 
> 400 nm 

[Ru(bpy)3]2+ / 

TEOA 
2 HCO2

− (24) 74 

32 
trans(Cl)-

Ru(bpy)(CO)2(Cl)2 

DMAe / 

H2O 10% 
> 400 nm 

[Ru(bpy)3]2+ / 

BNAH 
4 

HCO2
− (1000); CO 

(2800); H2 (<5) 
80 

33 
DMAe / 

H2O 10% 
> 400 nm 

[Ru(4dmbpy)3]2

+ / BNAH 
4 

CO (2800); HCO2
− 

(750); H2 (<5) 
80 

34f 
trans(Cl)–

Ru(Mesbpy)(CO)2(Cl)2 

DMAe / 

H2O 10% 
> 400 nm 

[Ru(bpy)3]2+ / 

BNAH 
0.25 

CO (38); HCO2
− 

(<5); H2 (<5) 
80 

35g [Ru(4dmbpy)2(CO)2]2+ 

DMF / 

TEOA 

20% 

> 500 nm 
[Ru(4dmbpy)3]2

+ / BI(OH)H 
20 

HCO2
− (1969); CO 

(c); H2 (c) 
49 

a: % given by volume. b: NMP = N-Methyl-2-pyrrolidone. c: not specified. d: performed in supercritical CO2 at 150 bar. e: 

DMA = Dimethylacetylamide. f: Mesbpy = 6,6′- dimesityl-2,2′-bipyridine. g: 4dmbpy = 4,4’-dimethyl-2,2’-bipyridine. 

 

Chardon-Noblat et al. demonstrated that both cis(Cl)-[Ru(bpy)(CO)2Cl2] and 

cis(CO)-[Ru(bpy)(CO)2(C(O)OMe)Cl] were pre-catalysts for the electroreduction of CO2. They 

proposed that loss of Cl– results in the formation of a Ru–Ru dimer which would catalyse CO2 reduction 

to CO alongside traces of formate. Instead the trans(Cl)-[Ru(bpy)(CO)2Cl2] complex led to the 

formation of a polymeric film, [Ru(bpy)(CO)2]n, on the electrode, thus showing that the homogeneous 

or heterogeneous nature of the catalyst can be controlled simply through the stereochemistry of the 

pre-catalyst in solution.81 

Investigating the same system further, Ishida reported the photosensitization of trans(Cl)-

[Ru(bpy)(CO)2Cl2] with [Ru(bpy)3]2+ in DMA/water mixures.80 CO and formate are formed (Table 6 

entries 32-33), with ratios depending on catalyst concentration. The authors explain this selectivity by 

invoking the formation of a Ru dimer which is responsible for the production of formate while a 

monomeric catalyst is proposed to generate CO. To test this hypothesis, the authors synthesized 

trans(Cl)–Ru(Mesbpy)(CO)2Cl2 in which the formation of a dimer is hindered by the mesityl groups on 

the bpy ligand. With this complex, photocatalytic CO2 reduction led to the selective evolution of CO 

with only traces of formate (Table 6 entry 34).80 Kubiak in 2015 while studying the electrochemical 

CO2 reduction by the same catalyst confirmed the inhibition of dimer formation.65 CO was also the 

major product in CPE in the presence of phenol as a proton source (Table 4 entries 15-16), although the 

selectivity was shown to be dependent on the applied potential.65 

CPE of CO2 at 20°C using [Ru(tpy)(bpy)(CO)]2+ as a catalyst in DMF/H2O (2:8) as well as 

EtOH/H2O (8:2) resulted in the formation of CO, formate and H2 along with trace amounts of 

methanol.69 When the CPE was conducted at −20°C, however, a variety of products including CO, 

formate, formaldehyde, methanol, glyoxylic acid and glycolic acid were obtained (Table 4 entries 21-

23).69 The study of the stoichiometric reactivity of [Ru(bpy)2(CO)(CHO)]+ as a mechanistic model led 
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to the proposal of the formyl complex [Ru(tpy)(bpy)(CHO)]+ as an intermediate in the formation of 

HCO2
− rather than the formato and hydroxycarbonyl intermediates proposed thus far.82  

In 2006 while investigating this system further, Gibson and collaborators isolated a 

[Ru(tpy)(bpy)CO]+ derivative in which one of the pyridine rings of the tpy ligand was de-coordinated 

and the carbonyl bridges the Ru and N atoms from this dangling ring.83 This compound was proposed 

as a possible catalytic intermediate, however no supporting evidence beyond the existence of this 

structure has been reported.83 

Recently, the activity of [Ru(tpy)(bpy)(S)]2+ (S = solvent) was revisited, along with the related 

[Ru(tpy)(Mebim-py)(S)]2+ (Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene).70 The catalysts 

displayed remarkable activity in MeCN at 2.21 V vs. Fc+/Fc, CO being the major product (~80% 

faradaic efficiency after 5h) with detectable traces of CO3
2/HCO3

 and HCOO (< 20%).70 Overtime 

during CPE, the solution turned purple and a precipitate formed, attributed to the insoluble combination 

of the catalyst with CO3
2−. Upon addition of water, the catalytic current decreased, however CO 

remained the major product (Table 4).71,72 The performances of [Ru(tpy)(Mebim-py)(S)]2+ stimulated 

its integration in an electrochemical device to split CO2 to CO and O2 using a Nafion membrane to 

separate the cathodic and anodic compartments.72 In this device, [Ru(tpy)(Mebim-py)(S)]2+ was also 

used in the anodic compartment as a water oxidation catalyst. Electrolysis of a CO2-saturated MeCN 

solution in the presence of H2PO4
 and using complex [Ru(tpy)(bpy)(S)]2+ as a catalyst resulted in the 

synthesis of syngas (mixtures of CO and H2) (Table 4).71 The proposed mechanism for CO2 reduction 

to CO by this family of complexes, in Scheme 7, has similarities with the one proposed for the 

[Ru(bpy)2(CO)2]2+ system in that the oxidation sate of the ruthenium centre remains constant while the 

ligands store reducing equivalents. The rate limiting step is proposed to be the reaction of the resting 

state [Ru(tpy•−)(bpy•−)(S)]2+ with CO2.  
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Scheme 7. Mechanism proposed by Meyer for the electrocatalytic CO2 reduction to CO by 

[Ru(tpy)(bpy)(S)]2+ (see reference 72). The bipyridine ligand is abbreviated to NᴖN and NᴖNᴖN 

represents the terpyridine ligand. 

Ott and collaborators have reported the synthesis of a library of [Ru(tpy)(N^N)Cl]+ complexes 

(N^N = bipyridine-based ligand) with the goal of assigning all the features observed by cyclic 

voltammetry in the presence and absence of CO2.84 Based on their assignments, the authors now propose 

that the resting state of the catalyst involves a doubly reduced ancillary ligand sphere 

[Ru(tpy)(N^N)(CO2)]0. To enter the catalytic cycle, an electron transfer generates 

[Ru(tpy)(N^N)Cl]0. A second reduction and the loss of the Cl– ligand (the ligand loss can precede the 

electron transfer depending on the potential) transiently generates [Ru(tpy)(N^N)]0, which quickly 

binds CO2 to afford [Ru(tpy)(N^N)(CO2)]0. From this intermediate, catalysis can proceed via two 

different pathways depending on the applied potential.84 Regardless of the pathway, the mechanism 

proposed by Ott and co-workers is unique in that it implies that reduced ancillary ligand spheres exist 

in the catalytic resting state, facilitating the observed multi-electron transformations.84 In a later report 

the authors were successful in changing the mechanism leading to the formation of 

[Ru(tpy)(N^N)(CO2)]0 from EEC to ECE (Scheme 8) by modifying the substituents on the bpy ligand 

while using an electron rich tBu-tpy ligand.67 An EEC pathway is favoured with electron enriched bpy 

ligands (4,4’-dimethyl-bipyridine) whereas the ECE pathway is accessed when 2-methyl-bipyridine is 

used instead. Subsequent catalytic steps are not described, but CPE confirmed CO as the only product 

(95% faradaic yield) (Table 4). The electrons in [Ru(tpy)(N^N)(CO2)]0 are proposed to be localized on 

CO2 ligand in this study, while they were initially proposed to be localized on the polypyridine 

ligands.67,84  

 

Scheme 8. Competing pathways accessed by Ott and collaborators by varying the electronic 

nature of the substituents where NᴖNᴖN is a tpy derivative and NᴖN a bpy derivative (reference 67). 
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Fujita, Muckerman and co-workers examined the influence of proton-responsive ligands 

containing pendant bases on the catalytic activity of [Ru(tpy)(bpy)(S)]2+ derivatives (Table 4 entries 19-

20).68 Interestingly, CPE revealed the formation of formate as well as CO, suggesting that a new catalytic 

pathway was opened. The Faradaic yields were overall lower, and CO binding to the catalyst was 

proposed as a deactivation pathway.68  

In 1998, Tanaka et al. investigated the effect of increasing further the presence of N atoms in 

the coordination environment by studying the mononuclear [Ru(bpy)2(dmbbbpy)]2+ and the binuclear 

[(bpy)2Ru(dmbbbpy)Ru(bpy)2]4+ (dmbbbpy = 2,2’-bis(1-methylbenzimidazol-2-yl)-4,4’-bipyridine) 

complexes.73 CPE of [(bpy)2Ru(dmbbbpy)]2+ in CO2-saturated MeCN led to the formation of formate 

(89% faradaic yield) in the presence of 2.5% of water (Table 4). However, in the absence of a proton 

source (using anhydrous MeCN as the solvent) a faradaic efficiency of up to 64% for oxalate was 

observed. The bimetallic species [(bpy)2Ru(dmbbbpy)-Ru(bpy)2](PF6)4 was reported to have a similar 

behaviour. (Table 4). Intriguingly, the related [Ru(bpy)2(btpy)]2+ (btpy = 2-(2-pyridyl)benzothiazole) 

was also shown to exhibit catalytic CO2 reduction activity whereas 1-methylbenzimidazole analogue 

did not.85 It is noteworthy that these systems seemingly are competent catalysts despite the absence of 

an open coordination site for CO2 coordination. Overall, this study nicely demonstrates the ability to 

drastically tune product selectivity on the Ru-polypyridyl platform with H2O.  

 In summary, Ru-polypyridyl systems have been invaluable in the fundamental mechanistic 

study of CO2 reduction catalysis to mostly formate and CO. The synthetic tunability, general stability 

and high activity towards the catalysis of CO2 reduction of this class of compounds have resulted in a 

wealth of reports in the literature as well as continuing investigations into various aspects of the 

reactivity. 

3.3.2. Polypyridyl complexes of osmium 

Building on the successes of the Ru systems, polypyridyl Os complexes have also been studied for their 

potential as CO2 reduction catalysts. In 1988, Meyer and collaborators reported the electrocatalytic 

reduction of CO2 catalysed by cis-[Os(bpy)2(CO)H]+ in CH3CN solutions using cyclic voltammetry.86 

CO was observed as the major product under anhydrous conditions, but up to 25% formate was produced 

in the presence of water in CH3CN, as confirmed by a later study (Table 7, entries 1-3).87 Reactivity of 

the trans- derivatives was also reported, and kinetic studies based on cyclic voltammetry led to a 

proposed mechanism in which, similar to the analogous Ru system, cis-[Os(bpy)2(CO)H] is a key 

intermediate. 

Table 7. Osmium polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE 

Entry Molecule R Solvent 
Applied 

potentiala 

Proton 

source 

Time 

(h) 

Products 

(faradic yields) 
Ref. 

1 R = H CH3CN −1.78 V 0.15 M H2Ob ~1c 
CO (80%) 

HCOO- (20%) 
87 
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2 

 

R = D CH3CN  −1.78 V 0.15 M H2Ob ~1c  
CO (45%) 

HCOO- (20%) 
87 

3d R = H  CH3CN −1.78 V 0.1 M H2Ob ~1c  
CO (75%) 

HCOO- (5%) 
87 

a: potentials in V vs. Fc+/Fc. b: estimated from the background current observed at the Pt electrode. c: after 40 C were 

passed. d: a cationic membrane was used to separate the working and auxiliary compartments.  

 

Upon investigation of the behaviour of trans(Cl)-[Os(bpy)(CO)2Cl2], Deronzier, Hartl and 

Chardon-Noblat reported polymerization of the complex on carbon electrodes in a manner related to 

that of the Ru derivative, leading to an Os-polymer wire-type catalyst competent for the reduction of 

CO2 in aqueous media to CO and formate in 60% and 10% faradic yields respectively.88 Deronzier and 

Chauvin subsequently reported the photocatalytic reduction of CO2 by trans(Cl)-[Os(bpy)(CO)2(Cl2)] 

and trans(Cl)-[Os(dmbpy)(CO)2(Cl2)] in DMF, with 0.1 M TBAPF6 as a supporting electrolyte and with 

1 M TEOA as the electron donor, yielding CO as the only product (Table 8 entries 1-4).89 The 

photocatalysts show remarkable stability over 4h, and addition of [Ru(bpy)3]2+ to create a 

photosensitised system is reported to increase the TON observed for CO by 30% after 4.5 h. With a 620 

nm cut-off filter, however, Ishitani and collaborators recently reported no activity for the photocatalytic 

CO2 reduction by [Os(5-dmbpy)3]2+ (Table Y, entries 5-7) in DMF-TEOA solutions with 0.1M 1,3-

dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as the electron donor.61  

Table 8. Osmium polypyridyl complexes assessed for catalytic CO2 photoreduction  

Entry Molecule R Solvent Irradiation 
Photosensitizer / 

Electron donor 

Time 

(h) 

Products 

(TON) 
Ref. 

1 

 

H DMF a ─ / TEOA 1M  4.5 CO (12) 89 

2 CH3 DMF a ─ / TEOA 1M 4.5 CO (19) 89 

3 H DMF a ─ / TEA 1M 4.5 CO (4.3) 89 

4 H PrCNb a ─ / TEOA 1M 4.5 CO (3.5) 89 

5 

 

 

DMF / 

TEOA 

(5:1) 

>650 nm ─ / BIHc 0.1M 20 CO (─) 61 

6  

DMF 

TEOA 

(5:1) 

>650 nm 

Re(CO)3(P(p-

Cl-C6H4)3)2 

/ BIHc 0.1M 

20 

CO (363) 

HCOOH (3) 

H2 (<1) 

61 

7  DMF >650 nm 

Re(CO)3(P(p-F-

C6H4)3)2 

/ BIHc 0.1M 

20 

CO (240) 

HCOOH (3) 

H2 (<1) 

61 

a: 250 W Xe lamp, P = 1.8 W at 400 nm. b: PrCN = n-butyronitrile. c: 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-

benzo[d]imidazole. 

 

Overall, while still in the active stages of development, the behaviour of Os-polypyridyl 

complexes towards CO2 reduction closely mimics that of the more-studied Ru analogues. These 
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complexes, although promising, have not received more interest possibly because of osmium toxicity 

considerations.  

3.4. Polypyridyl complexes of Rhodium and Iridium 

Group 9 metal-polypyridyl complexes of second and third row transition metals were initially 

investigated as catalysts for the electrochemical reduction of CO2 in a report by Meyer and co-workers 

in 198590 and 1988.91 The activity of both rhodium and iridium complexes of 2,2’-bipyridine complexes, 

cis-[M(bpy)2X2]+ (X = Cl or trifluoromethanesulfonate, –OTf) were assessed using cyclic voltammetry 

(Figure 4). All cyclic voltammograms of the complexes presented in Figure 4 under CO2 were reported 

to give rise to increased cathodic current densities which the authors attribute to catalytic CO2 reduction.  

 

 

Figure 4. Scheme of compounds studied by Bolinger et al. in 1988 using cyclic voltammetry 

for R = H and X = Cl or OTf (OTf = trifluoromethanesulfonate) and for R = tBu and X = Cl. 

Table 9. Rhodium and Iridium polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 

Proton 

sourceb 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 

cis-[Rh(bpy)2(Cl)2]+ 

CH3CN −1.93 V ─ c HCO2
- (47); H2 (15) 91 

2 CH3CN −1.93 V ─ d HCO2
- (83); H2 (17) 91 

3 CH3CN −1.93 V  H2O (5%) e HCO2
- (23); H2 (6) 91 

4 cis-[Rh(bpy)2(OTf)]2+ CH3CN −1.94 V ─ 1 HCO2
- (64); H2 (12) 90 

5 

 

CH3CN −1.69 V ─ 6.8 CO (─); H2 (1); HCO2
- (5) 92 

6 CH3CN −1.79 V ─ 5.8 CO (─); H2 (6); HCO2
- (24) 92 

7 CH3CN −1.69 V H2O (5%) 4.4 CO (<1); H2 (14); HCO2
- (32) 92 

8 CH3CN −1.79 V H2O (5%) 2.6 CO (<1); H2 (19); HCO2
- (34) 92 

9 CH3CN −1.69 V H2O (20%) 3.6 CO (<1); H2 (32); HCO2
- (36) 92 

10 CH3CN −1.79 V H2O (20%) 2.1 CO (<1); H2 (16); HCO2
- (49) 92 

11 

 

CH3CN −1.79 V ─ 6.9 CO (<1); H2 (2); HCO2
- (16) 92 

12 CH3CN −1.79 V H2O (5%) 4.2 CO (<1); H2 (f); HCO2
- (22) 92 

13 CH3CN −1.79 V H2O (20%) 5.1 CO (2); H2 (5); HCO2
- (20) 92 

14 Rh(tpy)(Cl)3 DMF −1.96 V H2O (2.5%) 5-6 HCO2
- (83) 93 

15 Rh(tptz)(Cl)3 DMF −1.84 V H2O (2.5%) 5-6 HCO2
- (82) 93 

16 [Rh(tptz)2]3+ DMF −1.92 V H2O (2.5%) 5-6 HCO2
- (71) 93 

17 

 

DMF −2.00 V  H2O (2.5%) 5-6h HCO2
- (78) 93 

a: potentials in V vs. Fc+/Fc. b: % given by volume. c: not specified, after 111 C passed. d: not specified, after 77 C passed. 

e: not specified, after 156 C passed. f: not measured. 
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The rhodium complexes were further studied by bulk electrolysis at 1.93 V vs. Fc+/Fc in 

CH3CN and mixtures of H2 and formate were produced (Table 9, entries 1-3).91 The faradaic yields 

varied depending on the total charge passed, starting close to 100% and dropping as more coulombs 

were passed. For example, the faradaic yield for formate dropped from 83% to 47 % as the charge passed 

increased from 77 C to 111 C, while the faradaic yield for H2 diminished slightly, from 17% to 15%. 

Observations of the formation of a black precipitate during bulk electrolysis, coupled to the 

disappearance of the bpy-based reduction features by CV, have led the authors to propose a possible 

degradation by hydrogenation of the bpy ligands. No added proton source was reported in this study, 

which led to speculations regarding the source of the required proton for formate production.91 A 

Hoffmann degradation of the electrolyte salt, [(n-Bu)4N](PF4), was proposed as the source of protons, 

following the reactions:  

[Rh(bpy)2] + CO2 → [Rh(bpy)2CO2] (1) 

[Rh(bpy)2CO2] + (nBu)4N+ → [Rh(bpy)2CO2H] + H3CCH2CH=CH2 + (nBu)3N (2) 

[Rh(bpy)2CO2H] → [RhI(bpy)2]+ + HCOO (3) 

Similar general behaviour of Rh and Ir complexes of the form [M(bpy)Cp*]+ (Table 9, entries 

5-13) were reported by Deronzier et al. in 1997 for the electrocatalytic reduction of CO2 in H2O/CH3CN 

mixtures.92 The major products observed were once again formate and H2 with trace amounts of CO. 

The formate to H2 ratio was observed to vary with the applied potential and the water content of the 

CH3CN solution.  

 

Table 10. Rhodium and Iridium polypyridyl complexes assessed for catalytic CO2 photoreduction  

Entry Molecule  Solvent λa 
Photosensitizer / 

Electron donor 

Time 

(h) 
Products (TON) Ref. 

1 

 

R = H CH3CN 
 > 415 

nm 

[Ru(bpy)3]2+ / 

TEOA 
2.5 

HCOOH (35) 

CO (─); H2 (32) 
94 

2 R = H CH3CN 
> 415 

nm 

[Ru(bpy)3]2+ / 

TEOA 
24 

HCOOH (110) 

CO (─); H2 (54) 
94 

3 
R = 

COOH 
CH3CN 

> 415 

nm 

[Ru(bpy)3]2+ / 

TEOA 
2.5 

HCOOH (20) 

CO (─); H2 (32) 
94 

4 
R = 

COOH 
CH3CN 

> 415 

nm 

[Ru(bpy)3]2+ / 

TEOA 
24 

HCOOH (49) 

CO (─); H2 (46) 
94 

5 

 

R = CH3 

X = Cl 
CH3CN 450 nm ─ / TEOA 1 CO (33) 95 

6 
R = CH3 

X = I 
CH3CN 450 nm ─ / TEOA 1 CO (54) 95 

7 
R = H 

X = Cl 
CH3CN 

410 – 

750 nm 
─ / TEOA 4.2 

HCO2H (─) 

CO (40); H2 (─) 
96 

8 
R = H 

X = Cl 

CH3CN 

H2O (5%)b 

410 – 

750 nm 
─ / TEOA  4.2 

HCO2H (─) 

CO (28); H2 (─) 
96 

a: irradiation wavelength. b: % given by volume. 
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Although seemingly forgotten for almost 20 years, these Rh(bpy)Cp*-based catalysts were 

recently revisited in a homogeneous photosensitised CO2 reduction system. The results (Table 10, 

entries 1-4) confirmed the activity of the complex for CO2 reduction to H2 and formate. Furthermore, 

the complex proved also active and stable when incorporated into the metal organic framework UIO-67 

(vide infra).94 

Regarding polypyridyl ligands with greater denticity, Rh(tptz)Cl3, Rh(tpy)Cl3 and 

Rh(tpy)(bpca) (Table 9 entries 14-17) were investigated by Paul et al. and were shown to catalyse the 

reduction of CO2 to formate in DMF at potentials ranging from 1.84 V to 2.00 V vs. Fc+/Fc.93,97 

Whereas a general observation can be made that Ir and Rh complexes are often more selective for 

formate production over other potential carbon-containing products, this needs not always be the case. 

Interestingly, related complexes of Ir with tpy and phenylpyridine-based ligands (Table 10 entries 5-8) 

are reported as photocatalysts and electrocatalysts for the reduction of CO2 to CO in CH3CN solutions, 

even in the presence of water. 95,96 The proposed mechanism (eq. 4 to 8) for the production of CO 

highlights the redox active nature of the tpy backbone, which allows the storing of reducing equivalents 

(D = sacrificial electron donor, TEOA):96  

[Ir(tpy)(ppy)Cl] + D + hν → [Ir(tpy)(ppy)Cl] + D+ (4) 

[Ir(tpy)(ppy)Cl] + H+ + e → [Ir(tpy)(ppy)H] + Cl (5) 

[Ir(tpy)(ppy)H] + D + hν + CO2 → [CO2 adduct] + D+ (6) 

[CO2 adduct] + H+ + e → [Ir(tpy)(ppy)H] + CO (7) 

[CO2 adduct] + [Ir(tpy)(ppy)H] → Ir dimer (8) 

Details regarding the nature of the proposed electron transfers that do not involve light absorption are 

not clear, but it is speculated to involve disproportionation reactions. The authors propose a M–H bond 

to be an intermediate for CO2 capture and reduction to CO as the product. This is in marked contrast to 

that which is generally proposed, wherein protonation of a metal-bound CO2 yields CO while insertion 

of CO2 into a M–H bond affords formate. Finally, this work identifies the formation of an inactive Ir 

dimer during the course of catalysis (eq. 8) which limits the overall system activity. 

3.5. Polypyridyl complexes of Pd 

Palladium complexes of derivatives of bipyridine and phenanthroline were assessed as CO2 reduction 

catalysts by Ogura in 1997 (Table 11). In CPE, in dry CH3CN, CO was the only product measured 

whereas formate was observed when H2O was added to the solution. The activity and faradic efficiencies 

reported are on par with the homologous cobalt complexes also assessed in this report and presented in 

section 4.4.  
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Table 11. Palladium polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 

Proton 

sourceb 
Time 

Products 

(faradic yields) 
Ref. 

1 

 

CH3CN −1.39 V H2O (8%) 1 
CO (32);  

HCO2
− (40) 

98 

2 CH3CN −1.39 V ─ 1 
CO (61); 

HCO2
− (─) 

98 

3 

 

CH3CN −1.39 V H2O (8%) 1 
CO (44); 

HCO2
− (30) 

98 

4 CH3CN −1.39 V ─ 1 
CO (81); 

HCO2
− (─) 

98 

a: potentials in V vs. Fc+/Fc. b: % given by volume.  

  



29 

 

4. 3d transition metals 

4.1. Polypyridyl complexes of Cr 

To date, [Cr(CO)4(bpy)] is the only example of polypyridyl molecular homogeneous Cr complex reported 

to catalytically reduce CO2.20 In their 2015 report, Hartl and Dryfe use a combination of cyclic voltammetry, 

IR-spectroscopy and DFT to and propose [Cr(CO)3(bpy)]2− as the active catalyst. The only other example 

of a Cr-polypyridyl system used as a CO2 reduction catalyst involves a molecule grafted onto an electrode, 

this system will be presented in section 5.99 

4.2. Polypyridyl complexes of Mn 

The CO2 reduction catalytic activity of manganese analogues to [Re(bpy)(CO)3]+ complexes were first 

reported in 2011 by Deronzier and collaborators. Electrocatalytic reduction of CO2 to CO occurred at a 

potential of 1.789 V vs. Fc+/Fc, using the precatalysts Mn(bpy)(CO)3Br and Mn(dmbpy)(CO)3Br 

(Table 12).100 The catalytic activity was sustained for the 4h of the bulk electrolysis, with CO observed 

as the major product and trace H2 measured. After longer bulk electrolysis, up to 22h, the faradic 

efficiency for CO2 reduction to CO is 85% and the remaining 15% correspond to H2 formation. This 

activity, observed in acetonitrile, only occurred in the presence of a proton source, in the form of 10% 

(v:v) water in the solvent. Building on this report, the group of Kubiak made strides to understand the 

influence of protons on the catalytic activity by studying the effect of weak Brönsted acids in solution.101 

Table 12. Manganese polypyridyl complexes assessed for catalytic CO2 electroreduction through CPEa 

Entry Molecule  
Applied 

potentialb 

Proton 

sourcec 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 

 

R = H 

X = Br 
−1.789 V  H2O (5%) 4 

CO (100) 

H2 (0) 
100 

2 
R = H 

X = Br 
−1.789 V H2O (5%) 22 

CO (85) 

H2 (15) 
100 

3 
R = CH3 

X = Br 
−1.789 V H2O (5%) 18 CO (100) 100 

4 
R = tBu 

X = Br 
−2.58 V 0.8 M TFE 3 CO (100) 101 

5 
R = H 

X = CN 
−2.2 V 

0.5 M 

Phenol 
d CO (98) 

H2 (1) 
102 

6 

 

X = OTf −2.2 V 0.3 M TFE 1.2 CO (98) 103 

7 X = OTf −1.6 V 1.3 M TFE 24 CO (96) 104 

8 X = OTf −1.6 V ─ e 6 CO (98); H2 (1) 104 

9 

 

R1 = Ph 

R2 = H 
−2.18 V ─ 4 

CO (70) 

HCOOH (22) 

H2 (~1) 

105 

10 
R1 = Ph 

R2 = CH3 
−2.18 V ─ 4 

CO (70) 

HCOOH (22) 

H2 (~1) 

105 

11 

 

R = H −1.88 V H2O (5%) 4 CO (86) 106 

12 R = CH3 −1.88 V H2O (5%) 4 CO (83) 106 

a: all experiments were in CH3CN. b: potentials in V vs. Fc+/Fc. c: % given by volume. d: not specified. e: Mg(OTf)2 

is added to the solution and a sacrificial Mg counter electrode is used as well. 
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Studying the platform Mn(tBubpy)(CO)3Br they reported increased TOF depending on the 

proton source and concentration, with the highest TOF of 340 s-1 obtained when using 1.6 M 

trifluoroethanol in CH3CN in the presence of 0.27 M CO2. In both reports, dimerization of the Mn0 to 

form an inactive [Mn(bpy)(CO3)]2 is reported to occur after the 1-electron reduction of the starting MnI 

complex followed by loss of the halide counter anion. To minimize dimer formation, the strategy of 

increasing the steric strain around the metal center was first investigated, using the ligand 6,6’-dimesityl-

2,2’-bipyridine (Mesbpy, entry 6 Table 12).103 The resulting tremendous increase of the activity 

observed was attributed indeed to the inhibition of the formation of the inactive Mn-dimer during 

catalysis.103 Two further strategies to minimize dimerization were investigated, either by immobilizing 

the complexes within metal organic frameworks107 (discussed in Section 5) or by replacing the halide 

counter anions with a cyano group, which stabilizes the reduced Mn0.102 

Subsequently, the mechanism was probed by experimental108,109 and computational34,35 methods 

by several groups. The proposed mechanism, depicted in Scheme 9, supports the experimental 

observations and was obtained through a combination of DFT and microkinetics simulations. The 

mechanism involves the two-electron reduction of the pre-catalyst to reach [Mn(bpy)(CO)3]− which can 

subsequently interact with H+ or CO2. The energy barrier for protonation of [Mn(bpy)(CO)3]− is 

10 kcal/mol higher than for reaction with CO2 in these conditions,35 explaining the observed selectivity 

for CO2 reduction over H+ reduction. Further reaction with a proton yields [Mn(bpy)(CO)3COOH]0. 

Two pathways are then opened, depending on the acid source and applied potential.34,35 At high 

overpotentials, the mechanism proceeds through a reduction first followed by reaction with a proton and 

loss of water to yield [Mn(bpy)(CO)4]0. At lower overpotential, the reaction proceeds through 

protonation first and loss of H2O, followed by reduction to yield [Mn(bpy)(CO)4]0. A further reduction 

and liberation of the product CO closes the cycle in both cases.  
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Scheme 9. Reaction mechanism proposed for the catalytic reduction of CO2 to CO catalysed by 

[Mn(bpy)(CO)3]− in the presence of weak Brønsted acids. The bpy ligand is abbreviated to NᴖN for 

clarity. 

Recently a Mn-based system with a variation on the bpy ligand was tested. The ligands 

4-phenyl-6-(1,3-dihydroxybenzen-2yl)-2,2’-bipyridine (dhbpy) with a local proton source, and the 

related 4-phenyl-6-(1,3-dimethoxybenzen-2yl)-2,2’-bipyridine (dmobpy), which acts as a control 

without the local proton source (entry 9 and 10 in Table 12).105 The Mn(dhbpy)(CO)3Br complex was 

reported to catalyse the electrochemical reduction of CO2, even in the absence of an external proton 

source, with only two equivalents of protons in the form of dihydroxybenenyl groups on the ligand. In 

contrast, the methoxy derivative showed no activity under the same conditions. These results confirmed 

the influence of the alcohol group as an effective local proton source. Interestingly, the inclusion of a 

local proton source afforded a more complicated mixture of products, with both CO and formate being 

detected with 70% and 22% faradaic efficiency respectively105 compared to Deronzier catalyst which 

selectively produces CO as the only carbon-containing product.100 No further comment has been 

reported regarding this change in selectivity. Bocarsly and co-workers further investigated the influence 

of a local proton source using MnBr(6-(2-hydroxyphenol)-2,2′-bipyridine)(CO)3 as well as the 

corresponding 2-methoxyphenyl derivative (entry 11 and 12 in Table 12).106 In the presence of 5% water 

as the proton source, they observe increased catalytic activity by the hydroxyphenol derivative in terms 

of current density and products formed as compared to the 2-methoxyphenyl derivative. 

Taking a different approach to increasing the efficiency of the catalyst, Kubiak and co-workers 

recently explored the use of Mg2+ as a Lewis acid to both lift the requirement of a Brønsted acid and 

diminish the overpotential for catalysis by 600 mV using [Mn(Mesbpy)(CO)3](OTf).104 Addition of 

Mg2+ has been employed in Fe-based systems110 to favour the C-O bond cleavage as well as in Ni-based 

systems to sequester carbonate formed during the catalytic cycle.111 Kubiak and co-workers observe a 
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catalytic current increase at −1.6 V vs Fc+/Fc with addition of Mg2+ under CO2 and confirmed catalytic 

CO formation through CPE in 98% faradaic efficiency in the absence of Brønsted acids (Table 12, 

entries 7-8).  

Table 13. Manganese polypyridyl complexes assessed for catalytic CO2 reduction through Photolysis 

Entry Molecule R Solventa λb 
Photosensitizer / 

Electron donor 

Time 

(h) 
Products (TON) Ref. 

1 

 

R = H 
DMF /  

TEOA (25%) 

480 

nm 

[Ru(dmb)3]2+ / 

BNAH 
12 

HCOOH (149) 

CO (12); H2 (14) 
112 

2 R = H 
DMAc /  

TEOA (25%) 

480 

nm 

[Ru(dmb)3]2+ / 

BNAH 
12 

HCOOH (98) 

CO (9); H2 (14) 
112 

3 R = H 
CH3CN /  

TEOA (25%) 

480 

nm 

[Ru(dmb)3]2+ / 

BNAH 
12 

HCOOH (78) 

CO (40); H2 (17) 
112 

4 R = H 
DMF /  

TEOA (25%) 

480 

nm 

[Ru(bpy)3]2+ / 

BNAH 
12 

HCOOH (157) 

CO (12); H2 (8) 
112 

5 R = H 
DMF /  

TEOA (25%) 

470 

nm 

[Ru(dmb)3]2+ / 

BNAH 
18 

HCOO- (170) 

CO (5); H2 (<1) 
107 

6 
R = 

COOH 

DMF /  

TEOA (25%) 

470 

nm 

[Ru(dmb)3]2+ / 

BNAH 
18 

HCOO- (57) 

CO (5); H2 (<1) 
107 

7 

 

 
DMF /  

TEOA (25%) 

470 

nm 

[Ru(dmbpy)3]2+ 

/ BNAH 
15 

HCOOH (130) 

CO (9.1); H2 (1.6) 
113 

8  
CH3CN /  

TEOA (25%) 

470 

nm 

[Ru(dmbpy)3]2+ 

/ BNAH 
15 

HCOOH (9.0) 

CO (21); H2 (1.3) 
113 

a: % given by volume. b: irradiation wavelength. c: DMA = Dimethylacetylamide.  

 

Whereas photosensitisation of the Mn(bpy)(CO)3Br catalyst with [Ru(dmbpy)3]2+ would be 

expected to yield CO as the only product (as observed electrocatalytically), it was shown that instead it 

leads to the formation of a mixture of CO and formate in DMF/TEOA solutions (4:1, v/v), with BNAH 

(1-benzyl-1,4-dihydronicotinamide) as a sacrificial electron donor (Table 13, entries 1-4).112 This 

observation was independently confirmed in two reports by Kubiak in which the CO2 reduction catalytic 

activity of Mn(bpy)(CO)3Br and Mn(bpy)(CO)3CN was assessed in the same photosensitized system 

(Table 13, entries 5-8).107,113 The selectivity of the reaction towards CO and formate in the 

photosensitized system with Mn(bpy)(CO)3CN was shown to be dependent on the nature of the solvent, 

with formate production favoured in DMF and CO production favoured in CH3CN. 

As a conclusion, whereas the analogous Re systems give CO as the primary product of CO2 

reduction with very few counter-examples, the Mn-derivatives have already been shown to be capable 

of producing formate in addition to CO. Although there are currently fewer reports on Mn-bpy catalysts 

for CO2 reduction, the studies to date suggest that Mn-bpy platforms are possibly more susceptible to 

product selectivity tuning via simple system modifications. 

4.3. Polypyridyl complexes of Fe 

Surprisingly, very few reports of Fe-polypyridyl catalysts for the reduction of CO2 exist, even though 

the Fe-porphyrin family is among the most active homogeneous catalysts reported in the literature.114–

116 



33 

 

Table 14. Iron polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 

Proton 

sourcec 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 [Fe(phen)3]2+ DMSO b b b CH4 (b) 117 

2 

 
 

DMSO −2.0 V  ─ 1 
CO (19); C2O4

2- (10); 

HCOO- (67); H2 (─) 
118 

3 DMSO −2.0 V  
1.23 M 

TFE 
1 

CO (30); C2O4
2- (3);  

HCOO- (65); H2 (─) 
118 

4 DMSO −2.0 V 
1.23 M 

MeOH 
1 

CO (26); C2O4
2- (6);  

HCOO- (66); H2 (─) 
118 

5 DMSO −2.0 V  0.16 Mc 1 
CO (10–11)c; C2O4

2- (─)c; 

HCOO- (─)c; H2 (70 – 79)c 
118 

6 DMF −2.0 V  ─ 1 
CO (23); C2O4

2- (13);  

HCOO- (57); H2 (─) 
118 

7 DMF −2.0 V  
1.23 M 

TFE 
1 

CO (30); C2O4
2- (11);  

HCOO- (52); H2 (─) 
118 

8 DMF −2.0 V  
1.23 M 

MeOH 
1 

CO (31); C2O4
2- (9);  

HCOO- (53); H2 (─) 
118 

9d 

[Fe(dophen)Cl]2 

DMF −2.0 V  ─ 1 
CO (24); C2O4

2- (11);  

HCOO- (59); H2 (─) 
118 

10d DMF −2.0 V  
1.23 M 

TFE 
1 

CO (42); C2O4
2- (3);  

HCOO- (46); H2 (─) 
118 

11d DMSO −2.0 V  ─ 1 
CO (13); C2O4

2- (7); 

HCOO- (74); H2 (─) 
118 

12d DMSO −2.0 V  
1.23 M 

TFE 
1 

CO (26); C2O4
2- (5); 

HCOO- (64); H2 (─) 
118 

a: Potentials given in V vs. Fc+/Fc. b: Unspecified. c: Three ammonium acids tested: (CH3)3NH+Cl-, (CH3)2NH2
+Cl- and 

(C2H5)3NH+Cl-. d: H2dophen = 2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline. 

 

Durand and collaborators in 1988  reported the electrocatalytic reduction of CO2 by 

[Fe(phen)3]2+ in DMSO at 1.84 V vs. Fc+/Fc with CH4 as the only gaseous product observed (Table 14 

entry 1).117 Iron complexes based on phenanthroline derivatives were later investigated for their possible 

electrocatalytic CO2 reduction activity (Table 14, entries 2-12). [Fe(dophen)(N-MeIm)2]+ and the 

related [Fe(dophen)(Cl)] are reported to be electrocatalysts for the reduction of CO2 into mixtures of 

CO, formate, and oxalate in DMF and DMSO. During bulk electrolyses in the absence of an acid source, 

at 2.0 V vs. Fc+/Fc, formate is the major product. Addition of weak Brönsted acids is reported to 

increase overall catalytic activity but does not lead to a better selectivity, as formate remains the major 

product but upwards of 40% faradaic yield for either H2 or CO is observed.118 

Preliminary study of the electrocatalytic activity of [Fe(bpy)(P(OET3)3)H]+ in CH3CN showed 

current enhancement under CO2 at an applied potential beyond two reduction features, at about 2.03 V 

vs. Fc+/Fc, suggesting that the two-electron reduced species is a potential CO2 reduction catalyst. 

However, no carbon-containing products were identified in this study.119 

In 1992, Abruña and collaborators reported that the cyclic voltammograms of [Fe(tppz)2]2+, 

[Fe(tpy)2]2+ and [Fe(tptz)2]2+ in DMF (0.1M TBAP as a supporting electrolyte) exhibited current 

enhancement under CO2 starting at 2.03, 1.62 and 1.85 V vs. Fc+/Fc respectively. The authors 

ascribed this behaviour to catalytic activity for the electrochemical reduction of CO2, however no bulk 
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electrolysis or product analysis was reported.120 This behaviour was confirmed by the authors in 1994 

for [Fe(tpy)2]2+ with an observed current enhancement of 100% at –1.6 V vs. Fc+/Fc in DMF (0.1M 

TBAP as supporting electrolyte) and 500% at –1.74 V vs. Fc+/Fc . Both electrochemical events are 

proposed to be ligand-based processes.121 A later study of [Fe(tpy)2]2+ in DMF, in the presence of H2O 

(95:5, v/v) however, reported no current enhancement under CO2 up to −2.0 V vs. Fc+/Fc.122  

Iron complexes of phenanthroline were recently investigated as CO2 reduction catalysts in a 

photosensitised system with copper-based photosensitisers (T able 15, entries 1-3). Remarkably, the 

products obtained are a mixture of H2 and CO without any formate in contrast to what has been observed 

electrochemically for iron phenanthroline derivatives. This change in selectivity in photosensitized 

systems echoes the observations on the Mn(bpy)(CO)3Br where CO and H2 were produced in 

electrocatalytic systems while formate was produced in photosensitised systems.  

Table 15. Iron polypyridyl complexes assessed for catalytic CO2 reduction through Photolysis 

Entry Molecule Solventa Irradiation 
Photosensitizer / 

Electron donor 

Time 

(h) 
Products (TONb) Ref. 

1 

 

CH3CN /  

TEOA (20%) 
436 nm [CuI]c / BIHd 1 CO (73); H2 (45) 123 

2 
CH3CN /  

TEOA (20%) 
436 nm [CuI]c / BIHd 5 CO (95); H2 (56) 123 

3 
CH3CN /  

TEOA (20%) 
436 nm ─ / BIHd 1 CO (56); H2 (38) 123 

a: % given by volume. b: calculated based on the concentration of iron catalyst. c: bimetallic CuI complex of the type 

CuI(phenR)(P)2
+ with phenR a derivative of 1,10-phenanthroline and P a phosphine ligand. d: BIH = 1,3-dimethyl-2-

phenyl-2,3-dihydro-1H-benzo[d]imidazole. 

 

On the whole, the general class of Fe-polypyridyl complexes have offered promising preliminary 

results as potential catalysts of the electrochemical reduction of CO2. However, much more effort is 

needed for understanding the trends in product selectivity as well as for increasing system stability. 

4.4. Polypyridyl complexes of Co 

The first Co-polypyridyl complex catalysing CO2 reduction was reported by Lehn and Ziessel in 1982.124 

In this initial report, it was evaluated with [Ru(bpy)3]2+ as the photosensitiser in CO2-saturated solutions 

of aqueous CH3CN (20% H2O) and TEOA as a sacrificial electron donor (Table 16, entries 1-5). As for 

the catalyst, no discrete molecular species was pre-synthesised and characterised, but rather variable 

concentrations of CoCl2 and bpy were added to the mixture and assumed to form Co-bpy complexes in 

situ (presumed to have the chemical identity [Co(bpy)3]2+). Utilizing a 400 nm cut-off filter, photolysis 

of these systems resulted in the formation of mixtures of H2 and CO. Upon varying the ratios of 

bpy:CoCl2, the general trend was observed wherein larger amounts of additional bpy ligand in solution 

significantly decreased the amount of CO produced but increased production of H2. Interestingly, under 

the same conditions, simply replacing the CoCl2 salt with RhCl3, NiCl2, CuCl2 or K2PtCl4 did not result 

in any observable reduced carbon products. This report was the first indication that Co-polypyridyl 
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complexes could be potentially used in catalytic systems for CO2 reduction and possibly generated in 

straightforward in situ procedures. 

 

Scheme 10. General mechanism proposed by Lehn in 1986 to explain the two competitive pathways for 

CO2 and proton reduction (reference 125). “S” is a solvent molecule.  

Soon after, Lehn and Ziessel extended their previous observations to other polypyridyl 

ligands.125 Using similar conditions, by mixing cobalt salts with a variety of bidentate ligands in DMF, 

mixtures of CO and H2 were again observed (Table 16, entries 6-15). Isotopic labelling experiments 

using 13CO2 confirmed the source of CO to be CO2. Subsequently, the mechanism depicted in Scheme 

10 was proposed to account for the production of H2 and CO. Within the mechanism, the authors 

suggested that a CoI-polypyridyl complex was the active catalyst, which could either react with a H+ 

source or CO2 in the selectivity determining step. By reaction with H+, a CoIII–H would form and was 

proposed to be susceptible to further protonation to yield H2 and a CoIII-polypyridyl complex. If the CoI-

polypyridine instead reacts with CO2, CO was directly produced along with an equivalent of H2O and a 

CoIII-polypyridyl compound. While not excessively detailed, this mechanistic proposal directed 

subsequent investigations of Co-polypyridyl systems. It suggested CoI as being the likely identity of an 

active catalytic species, as well as the need for open coordination sites for interaction with H+ or CO2. 

Table 16. Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through Photolysis 

Entry Complexa  Solventb Irradiation 
Photosensitizer / 

Electron donor 

Time 

(h) 

Products 

(TON) 
Ref. 

1 CoCl2:bpy (1:0)  
CH3CN /  

H2O (20%) 
> 400 nm 

[Ru(bpy)3]2+ / 

NEt3 
22 

CO (0.85); 

H2 (1.23) 
124 

2 CoCl2:bpy (1:0.3)  
CH3CN /  

H2O (20%) 
> 400 nm 

[Ru(bpy)3]2+ / 

NEt3 
22 

CO (0.50); 

H2 (1.07) 
124 

3 CoCl2:bpy (1:1)  
CH3CN /  

H2O (20%) 
> 400 nm 

[Ru(bpy)3]2+ / 

NEt3 
22 

CO (0.23); 

H2 (1.02) 
124 

4 CoCl2:bpy (1:3)  
CH3CN /  

H2O (20%) 
> 400 nm 

[Ru(bpy)3]2+ / 

NEt3 
22 

CO (0.23); 

H2 (1.55) 
124 

5 CoCl2:bpy (1:10)  
CH3CN /  

H2O (20%) 
> 400 nm 

[Ru(bpy)3]2+ / 

NEt3 
22 

CO (0.07); 

H2 (2.57) 
124 

6 CoCl2:bpy (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.60); 

H2 (1.08) 
125 

7 CoCl2:phen (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.19); 

H2 (0.38) 
125 
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8 CoCl2:dm-phen (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (1.85); 

H2 (12.04) 
125 

9 CoCl2:dph-phen (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.37); 

H2 (0) 
125 

10 CoCl2:bathophen-S2 (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.32); 

H2 (0.10) 
125 

11 CoCl2:bathocup-S2 (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.65); 

H2 (5.89) 
125 

12 CoCl2:dmdph-phen (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.05); 

H2 (11.85) 
125 

13 CoCl2:bpyR2 (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0.68); 

H2 (1.65) 
125 

14 CoCl2:bpyR4 (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (1.67); 

H2 (1.16) 
125 

15 CoCl2:bpyR3 (1:3)  DMF > 400 nm 
[Ru(bpy)3]2+ / 

TEOA 
15 

CO (0); H2 

(1.37) 
125 

16 

[Co(bpyF44)3]2+ 

 CO2
c 400-750 nm 

[Ru(bpyF44)3]2+ 

/ TEOA 
48 

CO (6); H2 

(1.2) 
126 

17  DMF-CO2
d 400-750 nm 

[Ru(bpyF44)3]2+ 

/ TEOA 
48 

CO (27.1); 

H2 (3.3) 
126 

18 

[Co(bpyF62)3]2+ 

 CO2
e 400-750 nm 

[Ru(bpyF62)3]2+ 

/ TEOA 
48 

CO (17.7); 

H2 (1.8) 
126 

19  DMF-CO2
f 400-750 nm 

[Ru(bpyF62)3]2+ 

/ TEOA 
48 

CO (15.6); 

H2 (0.5) 
126 

a: dm-phen: 2,9-dimethyl-phen; dph-phen: 4,7-diphenyl-phen; dmdph-phen: 2,9-dimethyl-4,7-diphenyl-phen; bathophen-

S2: disodium, 4,7-diphenyl-phen-4',4"-disulfonate; bathocup-S2: disodium, 2,9-dimethyl-4,7-diphenyl-phen-4',4"-

disulfonate; bpy-R2: 4,4'-dimethyl-bpy; bpy-R4: 4,4',5,5'-tetramethyl-bpy; bpy-R3: 3,3'-dimethyl-bpy; bpyF44: 4,4’-bis(p-

(4-(perfluorobutyl)butoxy)phenyl)-2,2’-bipyridine; bpyF62: 4,4’-bis(2-(perfluorohexyl)ethoxy)-2,2’-bipyridine.  

b: % given by volume. c: 35°C, 6.8 MPa. d: 50°C, 7.3 MPa. e: 35°C, 6.8 MPa. f: 50°C, 6.6 MPa. 

 

The first pre-synthesised Co-polypyridyl system evaluated as a CO2 reduction catalyst was 

[Co(bpy)3]Cl2 and the investigation was reported by Sutin and co-workers in 1985.127 The study was 

conducted in aqueous solution with a bicarbonate buffer (pH = 8.5 - 10) instead of an organic solvent. 

The preparation of [Co(bpy)3]+ was reported and afforded the opportunity to monitor the behaviour of 

the Co(I)-polypyridyl complex towards CO2 spectrophotometrically. In the dark and in the presence of 

CO2, the pre-synthesised [Co(bpy)3]+ disappears, in parallel to the production of CO, alongside H2 with 

trace amounts of formate. However, CO then further reacts with [Co(bpy)3]+ and yield the insoluble 

dimer [Co(bpy)(CO)2]2 (identified by diagnostic IR features) according to equations 9 and 10 

(Figure 5).127  

2 [Co(bpy)3]+ + HCO3
 + H2O  2 [Co(bpy)3]2+ + CO + 3 HO (9) 

 [Co(bpy)3]+ + CO  ¼ [Co(bpy)(CO)2]2 + bpy + ½ [Co(bpy)3]2+ (10) 

 [Co(bpy)(CO)2]2 + 6 H+  4 CO + 2 H2 + 2 Co2+(aq) + 2 bpyH+ (11) 

Of note, the production of CO could be quantified via the acidification of the solution (pH = 1), which 

decomposes the proposed dimeric species and liberates the trapped CO according to the reaction (11). 



37 

 

 

Figure 5 Structure of the proposed Co dimer studied by Sutin (reference 127).  

Despite these initial efforts towards incorporating Co-polypyridyl complexes into 

photochemical systems for CO2 reduction catalysis, the electrochemistry of Co-polypyridyl complexes 

under CO2 reduction conditions was not explored until 1988 by Durand and collaborators.117 In this 

study, the authors reported cyclic voltammograms of [Co(phen)3]2+ in DMSO. Under an N2 atmosphere, 

the complex exhibits a metal-based reduction wave at –1.28 V vs. Fc+/Fc (CoII/CoI) and a two-electron 

feature at –1.97 V vs. Fc+/Fc, described as CoI/Co–I redox event. Under an atmosphere of CO2, the current 

increased in the region of the electrochemical feature at –1.97 V vs. Fc+/Fc. This current enhancement 

was attributed to the reduction of CO2 to formate, as no CO was detected. The only gaseous product 

detected was CH4, but it is hypothesised to arise from decomposition of the solvent. As the primary 

catalytic wave occurs within an electrochemical feature containing significant ligand-reduction 

character, it was proposed that the loss of a phen ligand occurred at that potential, liberating a 

coordination site for interaction with CO2. 

Table 17. Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 

Proton 

sourceb 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 [Co(phen)3]2+ DMSO c ─ c 
CH4 (traces); 

H2 (─); CO (─) 
117 

2 

[Co(tpy)2]2+ 

DMF −2.17 V ─ d HCO2
− (c) 121 

3 DMF −1.93 V H2O (5%) 3 CO (20); H2 (1) 122 

4 DMF −2.03 V H2O (5%) 3 CO (12); H2 (5) 122 

5 DMF −2.08 V H2O (5%) 3 CO (9); H2 (7) 122 

6 DMF −2.13 V H2O (5%) 3 CO (7); H2 (11) 122 

7 DMF −2.23 V H2O (5%) 3 CO (3); H2 (12) 122 

8 CoCl2:tpy (1:2) DMF −2.03 V H2O (5%) 2 CO (7) 122 

9 CoCl2:tpy (1:1) DMF −2.03 V H2O (5%) 1.5 CO (76) 122 

10 CoCl2:tpy (1:0.5) DMF −2.03 V H2O (5%) 2 CO (46) 122 

11 

 

CH3CN −1.39 V H2O (8%) 1 
CO (33);  

HCO2
− (41) 

98 

12 CH3CN −1.39 V ─ 1 
CO (63); 

HCO2
− (─) 

98 

13 

 

CH3CN −1.39 V H2O (8%) 1 
CO (45); 

HCO2
− (29) 

98 

14 CH3CN −1.39 V ─ 1 
CO (83); 

HCO2
− (─) 

98 

a: potentials in V vs. Fc+/Fc. b: % given by volume. c: not specified. d: after 4 equivalents of charge per cobalt center 

were passed. 

 

Towards assessing Co-polypyridyl complexes with ligands having different denticities, Abruña 

reported in 1992 observations of current enhancement under CO2 in the cyclic voltammograms of 

[Co(tptz)2]2+, [Co(tppz)2]2+ and [Co(tpy)2]2+. In DMF solutions, these complexes are reported to catalyse 
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the electrochemical reduction of CO2 at potentials of –1.40, –1.67 and –2.00 V vs. Fc+/Fc, 

respectively.120 While the characterisation of the activity of these complexes is limited to the observation 

of current enhancement under an atmosphere of CO2, this report indicates a strikingly high degree of 

versatility of Co-polypyridyl systems as CO2 reduction catalysts. Taken with the previously described 

results, there is a general observation of activity for almost any variant of Co-polypyridyl systems. 

Abruña and collaborators elaborated further on the behaviour of [Co(tpy)2]2+ in solutions in DMF by 

cyclic voltammetry and controlled-potential electrolyses. In general agreement with previous systems, 

the cyclic voltammograms indicated that two ligand-based cathodic features could be observed past the 

CoII/I reduction event, and for both features a current enhancement under CO2 could be observed of 95% 

at –2.03 V vs. Fc+/Fc and 820% at –2.38 V vs. Fc+/Fc. In contrast to the previous Co-polypyridyl 

catalysts however, bulk electrolysis at –2.17 V vs. Fc+/Fc are reported to yield formate as the product of 

this catalytic process after four equivalents of charge per Co centre were passed (Table 17 entry 2).121 

Renewed interest in the [Co(tpy)2]2+ platform prompted further mechanistic studies. Using 

DMF/H2O mixture as the solvent (95:5; v:v), the observation of reversible one-electron waves at −0.17 

and −1.17 V vs. Fc+/Fc corresponding to the CoIII/II, CoII/I as well as two ligand based reductions at −2.03 

and −2.46 V vs. Fc+/Fc was confirmed. Cathodic current enhancement in the −2.03 V vs. Fc+/Fc wave 

in CO2-saturated solutions was observed and CPE were performed to identify the nature of the CO2 

reduction products.122 The only carbon-containing product reported is CO, alongside varying ratios of 

H2. No CH4, formaldehyde and more surprising, no formate was detected above background levels in 

these conditions. The ratios of CO and H2 produced can be tuned with the applied potential during CPE, 

allowing for the production of syngas of specific composition (Table 17, entries 3-7). The overall low 

faradaic efficiency (15-21%) for this catalytic system was probed further. Mixing varying ratios of CoCl2 

and tpy ligand in a manner reminiscent to the previous study described by Lehn and Ziessel124,125 and 

monitoring product evolution during CPE gave surprizing results. While a metal to ligand ratio of 1:2 

exhibited similar activity and product selectivity as the pre-synthesized [Co(tpy)2]2+ complex, 

confirming the in-situ formation of the complex, lower ligand ratios, down to 1:0.5 showed higher 

faradaic efficiency for CO2 reduction to CO (Table 17, entries 8-10). Up to 76% Faradic efficiency for 

CO production was measured in the 1:1 case after 60 min of CPE at −2.03 V vs Fc+/Fc.122 The identity 

of the active catalyst was theorized to contain only one tpy ligand per cobalt center, leaving open 

coordination sites for reaction with CO2. The overall constant albeit slow activity for CO2 reduction to 

CO was attributed to the formation of a resting state inactive cobalt species proposed to be dimeric 

following the observations by Sutin and co-workers on the related [Co(bpy)3]2+ system.127  

Table 18. Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through chronopotentiometry 

Entry Molecule R Solvent 
Applied 

Currenta 

Proton 

sourceb 

Time 

(h) 

Products 

(faradic yields 

in %) 

Ref. 



39 

 

1 

 

R1 = H 

R2 = PhCl 
DMF −300 µA 

H2O 

(5%) 
4 

CO (31);  

H2 (2) 
128 

2 
R1 = H 

R2 = PhCH3 
DMF −300 µA 

H2O 

(5%) 
4 

CO (12);  

H2 (5) 
128 

3 R1 = R2 = H DMF −300 µA 
H2O 

(5%) 
4 

CO (11); 

H2 (18) 
128 

4 
R1 = H 

R2 = OCH3 
DMF −300 µA 

H2O 

(5%) 
4 

CO (4);  

H2 (23) 
128 

5 R1 = R2 = tBu DMF −300 µA 
H2O 

(5%) 
4 

CO (37);  

H2 (4) 
128 

a: cathodic current applied at a 1.5 cm diameter pool of mercury working electrode. b: % given by volume.  

Erreur ! Signet non défini.  

Modifications to the H2:CO ratio produced was also found to be attainable through tailoring of 

the electronic structure.128 Ligand modifications to the positions para to the nitrogen with withdrawing 

or donating groups yielded complexes exhibiting minimal perturbation to the potential of the CoII/CoI 

reduction wave but a strong correlation was found between the first ligand based reduction and the 

Hammet parameter of the substituent para to the central nitrogen. Cathodic current enhancement in CO2-

saturated solutions were observed for all five complexes studied. The catalytic activity for CO2 reduction 

was confirmed through chronopotentiometry, where a constant current was applied and the evolution of 

the potential was measured overtime. This set-up allowed for straightforward comparison of all 5 

catalysts at a constant catalytic speed of reaction (Table 18). Interestingly, the selectivity for CO2 

reduction to CO over proton reduction to H2 was dependent on ligand substituents, with the more 

donating groups yielding better proton reduction catalysts.128 

The use of polypyridyl ligands on a Co centre as a component of a heteroleptic ancillary ligand 

field for CO2 reduction electrocatalysts was initially reported by Ogura in 1997.98 Using 

[Co(dmbpy)(PPh3)2]2+ and [Co(mphen)(PPh3)2]2+ as homogeneous catalysts in an anhydrous CO2-

saturated CH3CN solution, CPE resulted in the production of CO in 60-80% faradic efficiency 

(Table 17, entries 11-14). However, when 8% water was added as a co-solvent to the system, the product 

selectivity shifted to 25-32% faradic yields for CO and 29-43% faradic yields for formate. These results 

nicely demonstrated the ability of Co-polypyridyl systems to be amenable to significant changes in 

product selectivity upon inclusion of alternative ligand types. 

Several noteworthy examples of significantly modified Co-polypyridyl systems have also been 

reported. In 2010, Hirose modified the bpy ligand to include fluorinated alkyl chains in the 4,4’ positions 

which afforded complexes of the type [Co(bpyR)3]2+ (Table 16, entries 16-19) soluble in supercritical 

CO2. In this solvent, under irradiation, at a pressure of 6.8 MPa and a temperature of 35°C, mixing 

[Co(bpyR)3]2+ with the photosensitiser [Ru(bpyR)3]2+ in the presence of an amine-based sacrificial 

electron donor resulted in the conversion of CO2 to CO with H2 as a side product.126  
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The last class of polypyridyl ligand assayed on a cobalt centre for CO2 reduction catalysis was 

investigated by Costamagna and co-workers. They reported Co-polypyridyl systems wherein the 

polypyridyl ligand was fully conjugated and macrocyclic. Discrete Co complexes of hexaaza-

macrocylic ligands derived from the condensation of bipyridines ([Co(hamc-bpy)]2+) and 

phenanthrolines ([Co(hamc-phen)]2+) were synthesised and characterised. Cyclic voltammetery under 

CO2 resulted in cathodic current enhancement which the authors describe as evidence of catalytic CO2 

reduction.129,130 Formation of CO and trace amounts of formaldehyde are detected in CPE in the presence 

of water, although it was not immediately clear which catalyst was being used in this experiment.130 

In summary, while not exhaustively studied mechanistically, the Co-polypyridyl platform is 

reported to be a versatile and active catalytic system for CO2 reduction resulting in primarily CO and H2 

production. While we better understand how to control the selectivity of the reaction via steric and 

electronic effects, the generally low faradaic yield values are still intriguing. Whether other products 

still not identified are produced and how to improve these numbers are issues which deserve further 

investigations. Furthermore, stability if often limited, possibly due to catalyst poisoning with CO, and 

here again appropriate modifications of the polypyridine ligands might improve the system if one 

understands the deactivation mechanism better. 

4.5. Polypyridyl complexes of Ni 

Investigations of Ni-polypyridyl platforms as CO2 reduction catalysts date back to the late 1980s. The 

electrochemical reduction of CO2 catalysed by [Ni(bpy)3]2+ was reported by Fiorani and collaborators 

in 1987.131 Under an inert atmosphere, [Ni(bpy)3]2+ undergoes a two-electron reduction at –1.58 V vs. 

Fc+/Fc. This reduction event was proposed to be accompanied by the loss of a bpy ligand to yield 

[Ni(bpy)2]0 as the active catalyst. When exposed to CO2, cathodic current at potentials beyond –1.58 V 

vs. Fc+/Fc increased and was assigned to catalytic CO2 reduction. The major products detected are 

reported to be CO and CO3
2. Stability of this system is found to be limited and two deactivation 

pathways were identified, with an overall reaction mechanism presented in eq. 12-15: 

[Ni(bpy)3]2+ + 2 e ↔ [Ni(bpy)2] + bpy (12) 

[Ni(bpy)2] + 2 CO2 + bpy  [Ni(bpy)3]2+ + CO + CO3
2 (13) 

2 CO + [Ni(bpy)2]  [Ni(bpy)(CO)2] + bpy (14) 

m (CO3
2) + [Ni(bpy)3]2+  [Ni(bpy)3–n(CO3

2)m](22m)+ + n (bpy)  (15) 

The carbonyl and carbonate complexes of Ni-bpy are reported to be inert, and as such eqs. 14 

and 15 represent deactivation pathways of the catalyst. Faradaic yields were around 30% for CO 

production. If bound CO molecules trapped in a Ni-carbonyl complex are taken into account, an extra 

40-49% faradaic yield was found, thus resulting in upwards of 79% faradaic efficiency for total CO 
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production by this system. The faradaic yield for total CO3
2 detected was found to be around 90%. 

Product inhibition and trapping was identified as a problem, and the authors proposed a bulk electrolysis 

setup with no separation between the working and counter electrode compartment to resolve this issue. 

In theory, the deactivated Ni/CO/CO3
2– species could diffuse to the counter electrode where oxidation 

could occur, resulting in the continuous liberation of the bound equivalents of CO. Upon evaluating this 

reaction setup, no deactivation of the catalyst was observed and a constant stream of CO, as desired, 

was obtained. Although circumventing the deactivation pathways, it should be noted however that 

faradaic yields were significantly lower in this cell design. Furthermore, the need to oxidize the catalyst 

as part of a cycle to liberate the generated CO would hinder possible energy storage applications.  

In 1989, Périchon and collaborators more deeply evaluated the behaviour [Ni(bpy)3]2+ using 

DMF or NMP (N-Methyl-2-pyrrolidone) as a solvent system for the electrochemical synthesis of 

symmetrical ketones from alkyl halides and CO2.111 Périchon and collaborators also proposed the initial 

formation of [Ni(bpy)2]0, at an applied potential of –1.67 V vs. Fc+/Fc. However, they suggested the next 

steps in the catalytic cycle to be a reaction with four equivalents of CO2 accompanied by a rapid six-

electron reduction affording a free bpy ligand, two equivalents of CO3
2– and a nickel complex with the 

stoichiometry [Ni(bpy)(CO)2]0. While no further comments were made regarding the nature of this 

complicated transformation, the authors state that [Ni(bpy)(CO)2]0 is further reduced by one-electron at 

–2.07 V vs. Fc+/Fc to yield [Ni(bpy)(CO)2] which is claimed to be capable of performing an electron 

transfer to CO2 yielding the radical species CO2
 transiently and regenerating [Ni(bpy)(CO)2]0. Two 

equivalents of the one-electron reduced radical CO2
 species are then proposed to undergo an electronic 

disproportionation to generate CO and CO3
2–. An interesting experimental detail is that the authors 

utilised stoichiometric amounts of Mg2+ cations to sequester the carbonate generated as part of the 

reaction so as to avoid the deleterious side reactions observed by Fiorani and coworkers. In general, 

Périchon’s mechanism for Ni-bpy electrocatalytic reduction of CO2 is unique in that it proposes the 

active catalyst to be [Ni(bpy)(CO)2]0 and that reduction of CO2 occurs through one-electron reduction 

and formation of a transient CO2
 species with minimal direct interaction with a Ni-centre. 

As was the case for cobalt systems, Durand and co-workers extended the scope of polypyridyl 

ligands of Ni to phen (1,10-Phenanthroline) by reporting the electrochemical reduction of CO2 catalysed 

by [Ni(phen)3]2+ at a potential of –1.63 V vs. Fc+/Fc in DMSO (0.1M TBAP as the supporting 

electrolyte). The products are CO and a small amount of CH4.117 These results are in agreement with the 

observations for the related [Ni(bpy)3]2+ system. Of note, the cyclic voltammograms of [Ni(phen)3]2+ are 

qualitatively identical to that of [Ni(bpy)3]2+, with a two-electron cathodic feature under inert atmosphere 

that exhibits current enhancement in CO2-staurated solutions. However, there is a significant difference 

in the assignment of this feature. Whereas the initial reports for [Ni(bpy)3]2+ identified the two-electron 

reduction as metal-based, accompanied by ligand loss, Durand and coworkers identify the two-electron 
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reduction feature for [Ni(phen)3]2+ as two coincidental one-electron reductions, one ligand-based and 

one metal-based, accompanied by loss of a ligand. The authors postulate that the reduction of the 

polypyridyl ligand could be instrumental to the observation of CO2 reduction catalysis, but further 

mechanistic considerations are not given. 

Table 19. Nickel polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Entry Molecule Solvent 
Applied 

potentiala 

Proton 

sourceb 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 

[Ni(bpy)3]2+ 

CH3CN −1.63 V  ─ c CO (free:26, bound: 49) 

CO3
2- (90) 

131 

2 CH3CN −1.88 V ─ c CO (free: 39, bound: 40) 

CO3
2- (92) 

131 

3 [Ni(phen)3]2+ DMSO d ─ d CH4 (d) CO (d) 117 

4 

 

CH3CN −2.08 Vc  ─ d CO (traces) 132 

5 

[Ni(tpy)2]2+ 

DMF –1.72 V H2O 5% 3 CO (18); H2 (0) 122 

6 DMF –1.76 V H2O 5% 3 CO (17); H2 (0) 122 

7 DMF –1.89 V H2O 5% 3 CO (17); H2 (0) 122 

8 DMF –2.14 V H2O 5% 3 CO (16); H2 (0) 122 

a: potentials in V vs. Fc+/Fc. b: % given by volume. c: after 8 mol of electron per mol of nickel were passed. d: not specified. 

 

 In a report that ultimately combines the notion of the active species having the structural identity 

of [Ni(L)(CO)2] (L= polypyridine) as well as the importance of ligand reduction events for catalysis, 

Christensen et al. studied the behaviour of [Ni(dmbpy)3]2+ (dmbpy = 4,4′-dimethyl-2,2′-dipyridyl) and 

[Ni(phen)3]2+ under electrocatalytic CO2 reduction conditions in CH3CN using in-situ FTIR 

spectroscopy.133 Using IR resonances, the authors directly identified the formation of [Ni(dmbpy)2]0 and 

[Ni(phen)2]0 upon the two-electron reduction of [Ni(dmbpy)3]2+ and [Ni(phen)3]2+ at –1.68 V vs. Fc+/Fc. 

Complexes [Ni(dmbpy)2]0 and [Ni(phen)2]0 were further reported to react slowly with multiple 

equivalents of CO2 to yield the corresponding [Ni(L)(CO)2] structures, presumably via a mechanism 

similar to that proposed by Périchon.111 Using the carbonyl vibrational frequencies as a spectroscopic 

handle, the authors observed new frequencies under electrocatalytic conditions. They assigned these IR 

features to a catalytically competent [Ni(L)(CO)2]– state, with a ligand-localised radical anion, that is 

derived from one-electron reduction of the [Ni(L)(CO)2] complex. The authors proposed that 

decomposition of these species could occur in basic reducing conditions with [Ni(dmbpy)(CO)2]– and 

[Ni(phen)(CO)2]– reacting with trace water to yield inactive bimetallic clusters of the proposed 

structure [Ni2(µ-H)(CO)6].  

In conjunction with reports on analogous Co- and Fe-polypyridyl systems, efforts were made 

towards assessing the activity of Ni-polypyridyl systems with ligands of higher denticity as catalysts of 

the reduction of CO2. Abruña and collaborators published in 1992 that cyclic voltammograms in DMF 

of Ni complexes of tppz and tpy displayed cathodic current increase in the presence of CO2, at –2.01 
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and –1.67 V vs. Fc+/Fc respectively; however, no insights into mechanism or selectivity were reported.120 

Further probing of the [Ni(tpy)2]2+ system in DMF (0.1 M TBAP as a supporting electrolyte) under an 

atmosphere of N2 by cyclic voltammetry revealed the presence of three reversible electrochemical 

features at +1.18, –1.85, and –1.67 V vs. Fc+/Fc.121 The features at +1.18 and –1.85 V vs. Fc+/Fc are 

attributed respectively to NiIII/II and NiII/I metal-centred reductions, however the feature at –1.85 V vs. 

Fc+/Fc is reported to be ligand-centred. The onset of catalytic current under an atmosphere of CO2 is 

shown to occur within the feature at –1.67 V vs. Fc+/Fc. No further information is provided, but the 

assignments by the authors imply that, unlike the systems with bpy and phen ligands, no ligand reduction 

is required for catalysis in these examples and that generation of a NiI centre affords a catalytically active 

species towards CO2 reduction.  

The [Ni(tpy)2]2+ system was recently probed further in DMF both through cyclic voltammetry 

and controlled-potential eletrolysis.122 Cyclic voltammograms confirmed the observations of two one-

electron reduction waves close in potential, reported at −1.62 V and −1.88 V vs Fc+/Fc. Interestingly, 

both waves are assigned to ligand based reduction events by comparison to cyclic voltammograms of 

[Zn(tpy)2]2+ which exhibit two one electron-reduction waves at −1.68 V and −1.81 V vs Fc+/Fc.122 CPE 

at potentials ranging from −1.72 V to −2.14 V vs Fc+/Fc yielded CO as the only carbon-containing 

product detected in faradic yields of ~ 20% (Table 19, entries 5-8). Despite being performed in the 

presence of added water (95:5 in CH3CN), no hydrogen was detected during CPE. The selectivity of 

[Ni(tpy)2]2+ towards CO2 reduction to CO is all the more remarkable given the inactivity of related 

Ni(bpy)3 complexes for CO2 reduction in the presence of trace amount of water.111,131 Overall the low 

faradic efficiency combined with the slow decrease of the catalytic current during CPE raised concerns 

over the long term stability of this catalytic platform.122  

The qtpy (2,2′:6′,2″:6″,2‴-quaterpyridine) complexes of nickel were also investigated. In 

contrast to the analogous [Co(qtpy)(OH2)2]2+ complexes, [Ni(qtpy)(CH3CN)2]2+ (Table 19, entry 4) did 

not lead to the formation of an electroactive film on glassy carbon electrodes. Traces of CO were 

observed during controlled-potential electrolysis of [Ni(qtpy)(CH3CN)2]2+ at –2.08 V vs. Fc+/Fc under 

CO2.132 Thus, whereas nickel complexes supported by bidentate and tridentate polypyridyl ligands are 

found to be catalytically active for CO2 reduction, tetradentate polypyridyl ligands seemingly behave 

differently and do not allow for the formation of an active species.  

Ni complexes of bpy-based134 and phen-based129 hexa-aza-macrocycles [Ni(hamc-bpy)]2+ and 

[Ni(hamc-phen)]2+ have been reported to exhibit CO2 reduction electrocatalytic activity in DMF.130 

However, no product detection was reported  

In 1998, Fujita and coworkers published initial efforts towards evaluating Ni-bpy systems as 

photocatalysts.135 In the absence of an external photosensitiser, the authors reported the results of 

photolysing solutions of [Ni(bpy)3]2+ in CO2-saturated CH3CN/TEA solutions using a 313 nm cut-off 
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filter. Via UV-Vis spectroscopy, the species [Ni(bpy)2]+ was identified as the product of the one-electron 

reduction of the excited state of [Ni(bpy)3]2+, which implies a rapid loss of a bpy ligand upon reduction. 

The authors further identified a second reduction event yielding [Ni(bpy)2]0. This formally Ni0 species 

is proposed to react with CO2 to yield CO as the only product. If water was added as a co-solvent, no 

CO production was observed. While no explanation was directly given for this behaviour, the 

observations are in agreement with those previously made by Christensen et al.133 Also, in agreement 

with electrochemical investigations, Fujita and co-workers proposed that the CO produced from CO2 

reduction can lead to the formation of multimetallic and catalytically inactive adducts to [NiI(bpy)2]+ or 

[Ni(bpy)2]0. This inhibition explains the sub-stoichiometric amounts of CO produced during 

photocatalysis (0.5 mol of CO produced per mole of starting [Ni(bpy)3]2+).  

Table 20. Nickel polypyridyl complexes assessed for catalytic CO2 reduction through Photolysis 

Entry Molecule  Solvent 
Irradiation Photosensitizer / 

Electron donor 

Time 

(h) 

Products 

(TON) 
Ref. 

1 

[Ni(bpy)3]2+ 

 CH3CN 313 nm 
None /  

TEA 0.5M 
1.7 

CO 

(0.49a) 
135 

2  CH3CN 313 nm 
None /  

TEA 0.5M 
0.8 

CO 

(0.38a) 
135 

3b  CH3CN 313 nm 
None /  

TEA 0.5M 
1.7 

CO 

(0.46a) 
135 

4  
CH3CN-

EtOH (1:1) 
313 nm 

None /  

TEA 0.5M 
0.7 

CO 

(0.34a) 
135 

5  
CH3CN-

H2O (1:1) 
313 nm 

None /  

TEA 0.5M 
0.8 CO (0a) 135 

 a Calculated based on catalyst concentration. Solutions were kept in the dark for 2h, then 0.1 mL air and 0.1 

mL water were added just before GC analysis. b 1 mM bpy added to the catalytic run. 

 

Upon considering precedent for Ni-polypyridyl systems as CO2 reduction catalysts, a few 

general observations can be made. First, the major product is predominantly CO. Second, production of 

H2 through H+ reduction is exceedingly rare, which suggests that Ni-based systems might be ideal 

candidates for selective reduction of CO2 over H+ sources. Third, catalysts are often reported to be 

inhibited by CO and/or CO3
2–. Finally, the active catalytic species might not necessarily require an 

entirely polypyridyl ancillary ligand field, but rather a combination of polypyridyl ligands and carbonyl 

ligands could be optimal. This heteroleptic ligand environment would have some similarities to those 

ligand fields found within active Re, Ru, Mn, W, and Mo systems. 

4.6. Polypyridyl complexes of Cu 

Reports on Cu-polypyridyl complexes as catalysts for CO2 reduction are limited. From initial synthesis 

and activity studies by Haines and collaborators136 and with further investigations by Kubiak and 

Haines,137 the dinuclear [Cu2(µPPh2bpy)2(CH3CN)2]2+ (PPh2bpy = 6-diphenylphosphino-2,2’-

bipyridine) complex was found to catalyse the production of CO and CO3
2 selectively under CO2 

electroreduction conditions, as assessed by IR spectroelectrochemistry. The proposed mechanism is 

depicted in Scheme 11. The polypyridyl framework was proposed to assist in storing multiple redox 
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equivalents, and to take an active role in catalysis. The authors point to comparable rate constants as 

well as redox behaviour and potentials to related Os catalysts as supporting evidence for mechanistic 

similarities. 

  

Scheme 11. Mechanism proposed for the catalytic reduction of CO2 to CO catalysed by the 

copper complexes reported by Kubiak and Haines. 

Durand and collaborators mentioned in their 1988 report that cyclic voltammograms of 

[Cu(phen)3]2+ in DMSO exhibit cathodic current enhancement under CO2 within the two electrochemical 

features assigned to ligand-based reductions at 1.96 V and 2.12 V vs. Fc+/Fc respectively.117 They 

generally define the process as catalytic CO2 reduction induced by ligand reduction.117 Building on this 

work, Costamagna reported a similar behaviour of Cu complexes of hexaaza-macrocylic ligands derived 

from the condensation of bipyridines ([Cu(hamc-bpy)]2+) and phenanthrolines ([Cu(hamc-phen)]2+), but, 

while qualitatively similar, no product detection is provided.129,130,138 The activity of [Cu(tpy)2]2+ for 

electrocatlytic CO2 reduction was similarly assessed and current increase were reported under CO2, 

along with deposition on carbon electrodes.122 This observation echoes the rich literature of 

electocatalytic formate production from CO2 reduction by copper-based electrodeposited materials and 

copper electrodes.139–143  
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5. Towards Applications: catalyst immobilization and devices 

 The development of molecular catalysts for CO2 reduction was closely followed by efforts to 

immobilize these catalysts onto solid supports. The immediate interest in immobilizing molecular 

catalyst for CO2 reduction is exemplified in the mere two-year gap between the initial publication of the 

ubiquitous Re(bpy)(CO)3Cl catalyst by Lehn in 1983 and the first attempts to immobilize a variant of 

that species by Meyer in 1985.144 Polypyridyl ligands in general are robust and can be easily synthetically 

modified which makes them amenable to facile immobilization. In this section a non-exhaustive survey 

of important advancements will be presented, highlighting the various approaches to heterogenization 

investigated over the years. The discussion will be organized through the type of surface that is 

supporting the molecular species and we will focus on three main classes of solid supports: electrodes, 

coordination polymers and membranes. An additional class, semiconductors, will not be presented as 

comprehensive reviews have recently been published. For more information on these supports, we direct 

the reader to recent reviews and references in this rapidly evolving area.24,145–153 

5.1. Modified Electrodes 

There had been several reports of the electropolymerization of modified bpy ligands on various 

electrode surfaces making a logical extension to CO2 reduction catalysis.154–158 The first such publication 

was by Meyer and co-workers in 1985 in which they reported the electropolymerization of 

Re(vbpy)(CO)3Cl (vbpy = 4-vinyl-4'-methyl-2,2'-bipyridine) on a platinum electrode to afford poly-

[Re(vpbpy)(CO)Cl] films.144,159 Electrochemically initiated polymerization of complexes bearing a vbpy 

ligand proceeded through the one-electron reduction of the vinyl functional group followed by fast and 

indiscriminate radical coupling at the electrode surface. The polymerization could be achieved by CV 

upon sweeping cathodically at slow scan rates (0.1 V/s) in CH3CN to afford a green film.144,159 This 

colour was attributed to the formation of a dimer via reduction of Re(vbpy)(CO)3Cl followed by the loss 

of a Cl– to transiently yield Re(vbpy)(CO)3 which can dimerize via the formation of a Re–Re bond within 

the film Upon exposure to air, the dimeric species was re-oxidized to a monomeric state within the 

polymer, thus affording a bright yellow colour. This assignment was supported by the presence of an 

oxidation feature at –0.54 V vs Fc+/Fc for the green-gold film which is in remarkable agreement for the 

oxidation of the analogous homogeneous Re–Re bonded species. When the film was generated with an 

excess of PF6
– anions present, XPS data showed minimal incorporation of phosphorus or fluorine. This 

suggested that Cl– was retained in the film and that polymerization occurred faster than complete loss 

of Cl–. Thus the green film is a mixture of polymerized [Re(vbpy)(CO)3Cl]– and [Re(vbpy)(CO)3]2 

species. The precise steps leading to polymer formation are a complicated combination of electron 

transfers and ligands loss events that are discussed in detail within reference.159  
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 Table 21. Electrode Immobilized polypyridyl complexes assessed for catalytic CO2 reduction through CPE 

Entry Molecular Precursor 
Immobilisation 

method 
Solvent 

Applied 

potentiala 

Time 

(h) 

Products 

(faradic yields 

in %) 

Ref. 

1 

 

X = Cl 

Cathodic cycling 

on Pt or glassy 

carbon electrode 

CH3CN −1.94 V 1.3 
CO (92); 

CO3
2−(─) 

144 

2 X = Cl CH3CN −1.94 V 0.5 
CO (90); 

C2O4
2–(5) 

159 

3 
X = 

NCCH3 
CH3CN −1.94 V 0.5 

CO (95); 

C2O4
2–(─) 

159 

4 X = Cl 

Cathodic cycling 

with illumination 

on p-Si and P-

WSe2 

CH3CN - - CO (100) 160 

5 X = Cl 
Cathodic cycling 

on TiO2 in CH3CN 
CH3CN - - - 161 

6 

 

M = Re 

X = CO  

Anodic cycling on 

Pt electrode 
CH3CN –1.94 V 2.8 

CO (78) 

CO3
2−(81) 

162 

7 
M = Ru 

X = Cl  

CPE at 

0.57 V vs SCE on 

Pt or carbon 

electrode in 

CH3CN 

CH3CN

/ 

H2O 

(80:20) 

–1.64 V b CO (97) 

HCOO– (3) 
163 

8 

 

Cathodic cycling 

on glassy carbon 

electrode 

CH3CN –1.99 V c 

H2 (0-2) 

CH3OH (0-38) 

CH4 (5-18) 

164 

9 
[Co(4’-vinyl-2,2’:6’,2”-

terpyridine)2]PF6 

Cathodic cycling 

on Pt or glassy 

carbon electrode in 

CH3CN 

DMF –1.68 V 4 HCOOH (100) 165 

10 
[Co(4’-vinyl-2,2’:6’,2”-

terpyridine)2]PF6 Cathodic Cycling 

on glassy carbon 

electrode in 

CH3CN 

H2O –1.30 V d H2CO (39) 99 

11 
[Fe(4’-vinyl-2,2’:6’,2”-

terpyridine)2]PF6 
H2O –1.28 V e H2CO (28) 99 

12 
[Cr(4’-vinyl-2,2’:6’,2”-

terpyridine)2]PF6 
H2O –1.30 V f H2CO (87) 99 

13 

 

CPE at 

–2.03 V or 

Cathodic cycling 

on Pt or carbon 

electrode in 

CH3CN 

CH3CN

/ 

H2O 

(95:5) 

–1.94 to 

–1.98 V 
b  CO (90-100) 

166,1

67 

14 H2O 
–1.36 to 

– 1.51 V 
b CO (80-97) 

166,1

67 

15 

 

CPE at 

0.57 V vs SCE on 

Pt or carbon felt in 

CH3CN 

CH3CN

/ 

H2O 

(95:5) 

–1.88 V b CO (90) 166 

16 H2O –1.52 V b  CO (80) 166 

17 

 

Cathodic cycling 

on Pt or carbon 

electrode in 

CH3CN 

CH3CN –1.99 V b CO (50) 

HCOO– (2) 
163 

18 

 

X = Cl 

Y = CO 

Cathodic CPE on 

carbon electrode in 

CH3CN 

H2O –1.50 V g  CO (60) 

HCOO– (15) 
66 

19 
X = CO 

Y = Cl 

Cathodic CPE on 

carbon electrode in 

CH3CN 

H2O –1.50 V g CO (60) 

HCOO– (15) 
66 
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20 

 

Soaking pyrolytic 

graphite electrodes 

in CH2Cl2 

solutions 

CH3CN –2.30 V 1.25 CO (70) 168 

21 CoCl2 h DMF –2.00 V 0.5 CO 169 

22 

 

60°C in EtOH 

mixture with 

graphitic carbon 

CH3CN i - CO (96) 170 

a: potentials in V vs. Fc+/Fc. b: After 60C are passed. c: After 8 to 16C are passed. d: After 2.3C are passed. e: After 2.9C 

are passed. f: After 1.1C are passed. g: After 20C are passed. h: Pretreatment of glassy carbon electrode with 4’-para 

diazonium phenyl-2,2’:6’,2”-terpyridine followed by soaking in DMF solution. i: 0.5 or 1.0 mA cm–2 constant current. 

 

The deposition behaviour of Re(vbpy)(CO)3Cl was elaborated on a year later by Abruña and 

co-workers in the context of a broader study involving semiconducting surfaces.160 The authors reported 

that direct formation of the bright yellow film occurred using the same system (Re(vbpy)(CO)3Cl, Pt 

electrode, CH3CN solvent) but faster scan rates of 0.5 V/s. The green film representative of a polymer 

with Re–Re bonds was only generated with scan rates slower than 0.2 V/s. This indicated that the nature 

of the polymerized catalyst can be controlled simply through deposition kinetics. The electrocatalytic 

activity of the yellow films originating from Re(vbpy)(CO)3Cl were evaluated by CV under atmospheres 

of N2 and CO2 in an CH3CN solution.159 Under N2, an apparent reversible electrochemical feature is 

observed on the surface of the electrode at –2.01 V vs Fc+/Fc. Under a CO2 atmosphere however, that 

feature is replaced by catalytic current enhancement with an onset potential near –1.79 V vs Fc+/Fc and 

a pre-feature with a peak current potential at –1.69 V vs Fc+/Fc. When a constant potential of –1.94 V 

vs Fc+/Fc was applied for 80 minutes (Table 21, Entry 1), the authors report the evolution of CO with a 

faradaic efficiency of 92.3% with no apparent loss of current density. By estimating the surface coverage 

of the Re-species, a TON of 516 was calculated. While the evaluation of the activity of the homogeneous 

analogue also yielded to the detection of high amounts of CO3
2– anions, no carbonates were detected 

with the heterogeneous polymeric catalyst. The high TONs and the lack of carbonate formation suggests 

that, upon polymerization of the Re(vbpy)(CO)3Cl catalyst, a different mechanism is operative. This led 

to the exciting notion that, beyond any hypothetical practical benefits to motivate the heterogenization 

of polypyridyl-based catalysts for CO2 reduction, such strategies might afford the ability to control and 

alter mechanisms and possibly product selectivity. 

A different strategy for electropolymerization of a variant of Re(bpy)(CO)3Cl was reported by 

Deronzier and co-workers.162 The ligand 4-(4-Pyrrol-l-ylbuty1)4’-methyl-2,2’-bipyridine (pyrbpy) was 

developed and Re(pyrbpy)(CO)3Cl was synthesized as a deposition precursor. Upon electrochemical 

oxidation of a solution of Re(pyrbpy)(CO)3Cl with a Pt electrode in CH3CN, a feature in the CV with a 

peak potential of 0.93 V vs Fc+/Fc was attributed to an irreversible pyrrole oxidation leading to the 

formation of a polymer film on the electrode. Subsequent cathodic sweeps indicated another irreversible 

feature attributed to reduction of the polymeric species followed by loss of the Cl– ligand. Repeated 
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cycling afforded a polymeric film with no noteworthy observations regarding the colour or composition. 

Since there is no opportunity for the Re-complex to dimerize prior to polymerization, it was claimed 

that the oxidative deposition led cleanly to poly-[Re(pyrbpy)(CO)3Cl]. The film could also be prepared 

by holding a constant potential at 0.86 V vs Fc+/Fc. Upon evaluating the electrocatalytic behaviour 

towards CO2 reduction, the poly-[Re(pyrbpy)(CO)3Cl] film qualitatively behaved as the poly-

[Re(vbpy)(CO)3Cl] film.162 When Re(pyrbpy)(CO)3Cl was polymerized onto a Pt gauze electrode and a 

potential of –1.94 V vs Fc+/Fc was applied in a CO2-saturated CH3CN, the only reduction product 

detected was CO (Table 21 Entry 6). However, the polymer derived from pyrbpy was less stable than 

that derived from vbpy with substantial current losses observed. Furthermore, equimolar formation of 

carbonate along with CO was observed. Thus, the Re(pyrbpy)(CO)3Cl polymer likely follows a 

mechanism similar to the homogeneous systems whereas Re(vbpy)(CO)3Cl accessed an alternate 

pathway.  

Meyer and co-workers investigated a Rh-based system making use of polymerized vbpy on 

carbon and platinum electrodes.164 Beginning with [Rh(vbpy)(COD)]Br (COD = 1,5-cyclooctadiene) 

solutions in CH3CN, a gold-orange film could be deposited by cycling cathodically under inert 

atmosphere. The film was found to have two reduction features at –1.54 V and –2.19 V vs Fc+/Fc. Under 

an atmosphere of CO2, the first cathodic feature became partially reversible but, upon scanning through 

a second feature, reversibility and electroactivity was lost for the modified electrode. This loss of activity 

at more negative potentials was explained as Rh(I) dissolving into solution upon the film being further 

reduced near the second reduction potential. An important consideration of all polymeric films for CO2 

reduction is that reduced metal centres are often more labile and can leach out from the film into solution. 

For this system, this could be overcome by studying the film in the presence of excess [Rh(COD)Cl2]2 

in solution. The poly-[Rh(vbpy)COD]Br film proved indeed active in the presence of CO2 and excess 

[Rh(COD)2Cl2]2 in CH3CN as shown by current enhancements within CV experiments. No catalytic 

current enhancements were observed for bare electrodes (Pt, carbon or Rh) or for [Rh(COD)Cl]2 in the 

absence of the deposited film. Surprisingly, while very little formate, oxalate or CO was observed, the 

reaction produced significant amounts of CH4 and CH3OH, with faradaic yields of up to 18% and 38% 

respectively, along with H2. Furthermore, in the presence of acid, ethylene and propylene were also 

observed. While the exact structure of the active film is unknown, the authors proposed that the activity 

was due to formation of Rh(0) as shown by XPS data and is in agreement with the observation of a black 

colour on the film during 1 minute induction period to catalysis. However, ability to obtain highly 

reduced products of CO2 reduction and possibly C–C bond formation products is unique to the poly-

[Rh(vbpy)COD]Br system as neither metallic Rh nor molecular Rh-polypyridyl complexes have been 

reported to catalyse such transformations. 

The same strategy using vinyl-substituted polypyridyl ligands has also been used to generate 

Fe-, Ni- and Co-based films.121,165 Catalytic current enhancement in CO2-saturated DMF solutions were 



50 

 

observed for poly-[Co(vtpy)2] (vtpy = 4’-vinyl-2,2’:6’,2”-terpyridine) films under CO2 at –1.29 V vs 

Fc+/Fc. This activity is reported at potentials 0.80 V more positive than the homogeneous counterpart, 

[Co(tpy)2]2+. This remarkable effect, while not well understood, was also observed in the case of poly-

[Ni(vtpy)2] films in acetonitrile solution with catalytic currents occurring at potentials 0.8 V more 

positive than the soluble Ni(tpy)2
2+ analogue (–1.61 V and –2.39 V vs Fc+/Fc respectively). While the 

current enhancement is less apparent for poly-[Fe(vtpy)2], a significant diminution of the overpotential 

to catalysis is also reported. The quantification and identification of the products of CO2 reduction were 

not emphasized but the constant trend of more positive onset potentials is observed upon polymerization. 

Controlled potential electrolyses of the poly-[Co(vtpy)2] modified electrode revealed efficient 

production of formate as the primary product of CO2 reduction (Table 21 Entry 9). This strategy has 

also been extended to aqueous systems, where poly-[M(vtpy)2] (M = Co, Fe Cr) were surprisingly found 

to generate formaldehyde as the major product of CO2 reduction (Table 21, Entries 10-12).99 Of note, 

the poly-[Cr(vtpy)2] is the only instance of an immobilized chromium complex for CO2 reduction and 

was reported produce formaldehyde with a remarkable faradic efficiency of 87%. 

Whereas vinyl-substituted polypyridyl ligands are polymerized via the ligand, Ziessel and co-

workers have also demonstrated that CO2 reduction catalysts can be deposited as polymers onto 

electrode surfaces via the formation of one-dimensional chains supported by metal-metal 

bonds.66,163,166,167 Controlled-potential electrolysis of a solution of Ru(bpy)(CO)2Cl2 in aqueous 

acetonitrile at –1.74 V vs Fc+/Fc results in the formation of a dark blue film on the electrode surface 

(either carbon or Pt). FTIR, UV-visible, mass spectroscopy, and elemental analysis suggested that the 

film had a polymeric nature with a monomeric unit of [Ru(bpy)(CO)2] containing a network connected 

via Ru–Ru bonds as depicted in Figure 6. Cyclic voltammograms taken in CO2-saturated CH3CN in the 

presence of H2O showed catalytic current enhancement near –1.39 V vs Fc+/Fc. Bulk electrolysis 

performed at –1.94 V vs Fc+/Fc resulted in production of CO with 100% faradaic yield (Table 21 Entry 

13) . At longer time points, currents were found to decrease suggesting a degree of instability of the 

film. Qualitatively identical results were found in unbuffered aqueous solutions. A poly-[Ru(tpy)CO] 

film could also be prepared using Ru(tpy)(CO)Cl2 as a homogeneous precursor. In that case, CO and 

formate were produced in water (faradaic yields 60% and 14% respectively) and the film was shown to 

decompose at a faster rate. This result exemplifies the ability to synthetically control product distribution 

of the Ru-based film through modifications of the polypyridine ligand. A possible advantage of forming 

a polymeric network via metal-metal bonds is that the polypyridyl ligand can still be modified to 

modulate the activity of the electrocatalyst. 
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Figure 6. Proposed structure of poly-[Ru(bpy)(CO)2]. Figure adapted from reference 166. 

A parallel method to electropolymerization of catalysts onto electrodes is the preparation of 

polypyridyl copolymers followed by drop casting onto conductive surfaces. The polymerization of 

pyridyl halides and bipyridyl halides have been shown to afford polymers capable of binding transition 

metal centres capable of proton reduction.171–173 Yamamoto and coworkers have demonstrated that such 

polymeric pyridyl networks can coordinate NiCl2.174 Upon evaporation of a solution of the copolymer 

onto a Pt electrode, electrolysis within a CO2-saturated DMF solution afforded production of CO with 

15% faradic efficiency. While reports such as these are limited, the preparation of polymers through 

chemical means followed by integration onto a conductive surface offers an advantage of direct 

electropolymerization in that a more diverse set of polymeric materials could be utilized.  

An alternate method for immobilizing polypyridyl complexes on electrode surfaces, not as 

polymeric species but rather as discrete molecular entities more closely resembling the homogeneous 

precursors, uses non-covalent π-π interactions between pyrene-functionalized ligands and pyrolytic 

graphite. For example, pyrene-substituted bpy variants can be synthesized,168 which served to generate 

Re(pyrene-bpy)(CO)3Cl. Soaking a pyrolytic graphite electrode in a solution of Re(pyrene-bpy)(CO)3Cl 

in CH2Cl2 resulted in a modified electrode surfaces as evidenced by CV and XPS (Figure 7). The 

electrochemical behaviour of such an immobilized Re catalyst was reported to be similar to vbpy-based 

Re films, with an initial reduction followed by the loss of Cl– and dimerization to form surface bound 

[Re(pyrene-bpy)(CO)3]2
n+. CVs recorded in the presence of CO2 showed catalytic current enhancement 

near –1.8 V vs Fc+/Fc. Bulk electrolysis experiments at –2.3 V vs Fc+/Fc for 1.25 hours afforded 58 

TON for CO with a faradaic yield of 70% (Table 21 Entry 20). However, current densities were shown 

to return to background levels beyond 1 hour of electrolysis. It was proposed that reduction of the 

pyrenyl moiety occurred and resulted into electrostatic repulsion between the ligand and the electrode.  

 

Figure 7. Depiction of noncovalently attached catalyst through π stacking between pyrolytic graphite 

and pyrene moieties. 
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Vinyl-polymerization offers poor control over film thickness and film morphology and 

noncovalent linkages possibly decompose upon reduction. In contrast, aryl-diazonium-substituted 

polypyridyl ligands can be used to electrochemically generate modified carbon electrode surfaces with 

a more uniform distribution of catalyst sites with possible covalent linkages to a carbon electrode 

surface. The reaction proceeds via liberation of an equivalent of N2 and formation of an aryl radical that 

is believed to react with the carbon surface (Scheme 12). It was recently demonstrated that a glassy 

carbon electrode can be modified by cycling between 0.30 V and –0.90 V vs Fc+/Fc at 0.05 V/s while 

immersed in an acetonitrile solution of tpy-Ph-N2
+ BF4

– for 10 scans.169 Soaking this modified electrode 

in solution of CoCl2 in DMF resulted in a modified electrode with CV features similar to that of 

Co(tpy)Cl2 (Scheme 12). CVs taken in DMF in the presence of CO2 resulted in catalytic current 

enhancement with an onset near –1.62 V vs Fc+/Fc. Bulk electrolysis experiments at –2.00 V vs Fc+/Fc 

resulted in formation of CO, which represented 70 TON per cobalt atom after 30 minutes (Table 21 

Entry 21). Beyond 30 minutes, the current essentially returned to baseline with no detectable CO 

released. This can be attributed to CO binding to the cobalt centres with rate-limiting release of CO. 

 

Scheme 12. Preparation of glassy carbon modified electrode via aryl-diazonium modified ligands and 

with post-modification metalation. 

Recently, a different immobilization method with covalent linkages has been reported. As o-

quinone moieties found on the edge planes of graphite can condense with substituted o-

phenylenediamines, Re(5,6-diamino-phen)(CO)3Cl was used to modify graphite electrodes (Scheme 

13).170 The increased conjugation between the catalyst and the electrode was proposed to overcome poor 

conductivity issues in other polymeric films deposited onto electrodes. Catalytic current enhancement 

using this modified electrode was observed in CO2-saturated acetonitrile with an onset near –2.0 V vs 

Fc+/Fc. CO was the primary product of CO2 reduction with a faradaic yield of 96% (Table 21 Entry 22). 

Tafel analysis of the modified electrode indicated that the reaction was limited by a one-electron transfer. 

This is distinct from the homogeneous Re(phen)(CO)3Cl analogue which operates with an equilibrium 

electron transfer followed by a rate limiting chemical event. This system allowed TONs near 12,000, 

which outperforms all other immobilized Re systems, illustrating the importance in conductivity through 

the catalyst linkage to the electrode. 
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Scheme 13. Preparation of highly conjugated covalently linked immobilized catalyst on a pyrolytic 

graphite electrode 

5.2. Coordination Polymers 

Coordination polymers and metal-organic frameworks (MOFs) have emerged as an interesting 

class of solids that are composed of an extended array of inorganic subunits connected by organic 

linkers. The latter can also function as ligands for catalysts thus affording the opportunity to immobilize 

homogeneous catalysts within the coordination polymers and MOFs. One of the most common linker 

motifs is a dicarboxylate phenyl moiety that is capable of bridging two inorganic clusters. When that 

linker is biphenyl-4,4’-dicarboxylate (bpdc), substitution with 5,5’-dicarboxylate-2,2’-bipyridine 

(dcbpy) unit is often convenient. These substitutions open up the possibility of coordinating a 

polypyridyl catalyst within the polymer directly. One major drawback to the use of coordination 

polymers and MOFs is that these materials tend to be poorly conductive and not readily amenable to 

electrocatalysis. Therefore, studies involving immobilized catalysts for CO2 reduction within these 

supports have primarily focused on integration within photocatalytic systems. 

Table 22. Functionalized Coordination Polymers assessed for photocatalytic CO2 reduction 

Entry Coordination Polymer Solventa Irradiation 
Photosensitizer/ 

Electron donor 

Time 

(h) 
Products (TON) Ref. 

1 Re(CO)3@UiO-67 CH3CN >300nm None / TEA  6 CO (5); H2 (0.5) 175 

2 CpRh@UiO-67 CH3CN >415nm 
Ru(bpy)3Cl2 / 

TEOA 
10 HCO2

− (47); H2 (36) 94 

3 Mn(CO)3@UiO-67 DMF 470nm 

Ru(dmb)3(PF6)2 

/ BNAH and 

TEOA 

4 
HCO2

− (50) 

CO (4.5); H2 (1) 
107 

4 
Re(CO)3@MOF-1 

CH3CN 410nm None / TEA 6 CO (6.44); H2 (0.4) 176 

5 THF 410nm None /TEA 6 CO (0.32); H2 (4.15) 176 

6 [Ir(ppy)2(dcbpy)]2Y(OH)3 CH3CN >500nm TEOA 6 HCO2
− (1.5) 177 

 

The first example came from Lin and co-workers in 2011.175 UiO-67 has the chemical formula 

Zr6O4(OH)4(bpdc)6, with zirconium oxide/hydroxide nodes connected by bpdc linkers (structures 

depicted in Figure 8). The photocatalyst Re(dcbpy)(CO)Cl was successfully incorporated into UiO-67 

synthetically by treating ZrCl4 with a mixture of H2dpdc and Re(dcbpy)(CO)3Cl during the preparation 

of the UiO-67 framework. The nanocrystalline powder obtained after the synthesis was confirmed by 

powder XRD to be isostructural to UiO-67 and was found to contain 2.7 mole percent of 

Re(dcpy)(CO)3Cl. Catalytic assays with a suspension of this new MOF Re(CO)3@UiO-67 were 

performed in a CO2 saturated acetonitrile with 5% volume triethylamine included as a sacrificial electron 

donor. Irradiation with a 300 nm long pass filter for 6 hours resulted in the formation of CO and H2 

(10:1 ratio) with a turnover number of 5 (Table 22 Entry1). Control reactions in which the samples were 
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photolysed in the absence of CO2 or left in the dark yielded no detectable CO, confirming the 

photocatalytic generation of CO from CO2. A major benefit of catalyst immobilization is the ease of 

catalyst reclamation and reuse.  

Lin and co-workers demonstrated that Re(CO)3@UiO-67 could be re-isolated via 

centrifugation and drying in 75% yield. When reintroduced into a catalytic run, the activity of the 

material was fully retained. However, activity was lost when the procedure was reproduced for a third 

catalytic run. In total, after 20 hours of irradiation, a TON of 10.9 was estimated. The deactivation of 

the material was attributed to slow leaching of Re into the solution upon reduction. As a homogeneous 

catalyst under identical conditions and after 6 hours of irradiation, Re(dcbpy)(CO)Cl was found to 

produce 2.5 TONs for CO and 0.5 TONs for H2. Irradiation beyond 6 hours did not afford more products. 

Thus, upon heterogenization within a MOF, the Re catalyst becomes more selective for CO and has 

about a 2-fold increase in stability. 

 

Figure 8. Schematic representation of UiO-67 framework and organic linkages and catalysts found 

within modified MOFs for photocataytic reduction of CO2. 

 The parent UiO-67 framework has been shown be a versatile MOF capable of supporting other 

polypyridyl CO2 reduction catalysts with alternate synthetic strategies. The incorporation of 

Cp*Rh(dcbpy)Cl2 within UiO-67 was also reported through post-synthetic exchange procedures to 

afford Cp*Rh@UiO-67.94 Soaking UiO-67 nanocrystals in an aqueous solution of Cp*Rh(dcbpy)Cl2 

resulted in substitution of the catalyst for the dpdc linker. The length of time during which the 

nanocrystals were allowed to soak in the solution of the Rh catalyst provided a variable amount of 

catalyst substitution ranging from 5 to 35% mole percent. This synthetic strategy resulted in much higher 

catalyst loadings within the UiO-67 crystals than observed for the earlier Re(CO)3@UiO-67 system. 

Photocatalysis was evaluated in a CO2-saturated acetonitrile/triethanolamine mixture (5:1 volumetric 

ratio) with 10mM Ru(bpy)3Cl2 as a photosensitizer. Upon irradiation (>415 nm) the Cp*Rh@UiO-67 

produced only two products, formate and H2 (Table 22 Entry 2). Catalysis continued steadily for 6 hours 
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before deactivation, due to decomposition of the photosensitizer. Use of 13CO2 as a substrate resulted in 

production of H13CO2
– as identified by 13C NMR. Cp*Rh@UiO-67 could be re-isolated with 90% yield 

and reused 6 times. Over the course of 6 catalytic runs (representing a total photolysis time of over 4 

days) 80% of the activity of the material was retained, which demonstrated the remarkable stability of 

the heterogenized catalyst.  

As previously mentioned in Section 3.4, the homogeneous catalyst Cp*Rh(dcbpy)Cl2, at low 

concentrations (below 0.1 mM) gave similar TONs and product distributions after 6 hours of irradiation 

under similar conditions. However, at higher catalyst loadings, significant decomposition of catalyst 

was observed. In contrast, higher catalyst loadings within Cp*Rh@UiO-67 did not result in any loss of 

activity. This suggests a possible bimetallic decomposition pathway that is operative in solution but not 

upon heterogenization due to the site isolation of the catalytic centres. For Cp*Rh@UiO-67, there was 

increased production of H2 relative to formate when the catalyst was incorporated beyond 10 mol%. 

This is attributed to thermal decomposition of formate into H2 and CO2 known to be catalysed by 

[Cp*Rh(bpy)]2+ systems.  

The groups of Kubiak and Cohen have reported the immobilization of the Mn(dcbpy)(CO)3Br 

catalyst within UiO-67 as well.107 In that case, UiO-67 was first prepared with a 1:1 ratio of dcbpy and 

dpdc. Using a post-synthetic modification procedure, soaking the crystalline solid in a solution of 

Mn(CO)5Br in Et2O, 76% of the available dcbpy linkers coordinated the Mn to afford an immobilized 

Mn(dcbpy)(CO)3Br within UiO-67, Mn(CO)3@UiO-67, with 38% mole catalyst loading. 

Photocatalysis experiments were performed in CO2-saturated DMF/TEOA (4:1 volumetric ratio) 

containing 0.5 mM (Ru(dimethyl-bpy)3](PF6)2 as a photosensitizer and 0.2 M BNAH as a sacrificial 

electron donor. Irradiation with a 470 nm LED light source led to the formation of formate (with 96% 

selectivity and 50 TONs after 4 hours and 110 TONs after 18 hours (Table 22 Entry 3). The catalyst 

could be recovered and reused with a slight decrease in TONs over the course of 4 experimental runs 

(from 50 TONs for the first 4-hour photolysis to 17 TONs for the fourth 4-hour photolysis). The 

heterogeneous Mn(CO)3@UiO-67 catalyst was found to outperform the homogeneous analogue 

Mn(dcbpy)(CO)Br, in terms of both activity and stability. The framework was proposed to contribute 

to the stabilization of reduced intermediates and in inhibiting bimetallic decomposition pathways that 

are known to be operative in the Mn(bpy)(CO)3Br system.  

With this report, UiO-67 has been shown to support three different catalysts and to replicate the 

homogenous system activities while consistently affording increased catalyst stability. Despite the 

success in using UiO-67 as a MOF solid support, one important consideration is that activity could be 

limited by diffusion of photosensitizers, substrates, electron donors, and products through the pores. Lin 

and co-workers sought to demonstrate that larger pore sizes could result in enhanced activity.176 An 

analogous structure of UiO-67 using a tetraphenyl-dicarboxylate linker (dctp) was prepared, referred to 
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as MOF-1 within the manuscript. Returning to the Re(bpy)(CO)3Cl parent system, a related 

biphenylcarboxylate-bipyridyl ligand (bpcbpy) could be prepared and used to synthesize 

Re(bpdcbpy)(CO)3Cl. Treatment of ZrCl4 with a mixture of dctp and Re(bpcbpy)(CO)3Cl afforded the 

MOF-1 structure with an immobilized Re catalyst, Re(CO)3@MOF-1. In CO2-saturated organic 

solvents containing TEA as a sacrificial donor irradiation with a 410 nm LED led to CO and H2 (Table 

22 Entries 4 and 5), in solvent-dependent ratios (1:13 and 16:1 in THF and CH3CN, respectively) and 

TONs (TONCO = 0.32 in THF and 6.44 CH3CN). However, catalyst deactivation occurred and was 

proposed to arise from desorption of the Re centre from the MOF along with partial hydrogenation of 

the pyridine rings. Again the catalytic MOF proved more stable than the soluble Re(bpyde)(CO)3Cl 

analogue. While not claimed to be definitive proof of enhanced activity with larger pore size, these 

results clearly suggest a benefit to tuning the pore sizes of MOFs to facilitate diffusion. 

Luo and co-workers have synthesized a one-dimension coordination polymer comprised of 

yttrium-hydroxide nodes linked together by dcbpy.177 The bipyridyl moiety can coordinate an “Ir(ppy)2” 

fragment resulting in a coordination polymer with the monomeric unit having the chemical formula 

[Y(OH)2((dcbpy)Ir(ppy))2]. Photocatalytic assays were performed in CO2-saturated acetonitrile with 5% 

triethanolamine as a sacrificial electron donor. Irradiation was performed using 420-800 nm light. Upon 

irradiation of 40 mg of the coordination polymer for 6 hours, 38 µmol of formate were detected as the 

only product. Whereas the exact nature of the catalytic centre is unknown, the quantity of formate 

represents just over 1.5 TON per Ir centre (Table 22 Entry 6). Compared to the homogeneous analogue 

Ir(ppy)2(dcbpy), the coordination polymer had identical selectivity with a slight enhancement in activity. 

However, after 6 hours of irradiation, the homogeneous system was completely inactive. In contrast, the 

coordination polymer could be easily recollected and retained full activity over 5 successive catalytic 

runs with only slight leaching of Ir into solution.  

The use of MOFs and coordination polymers as solid supports for CO2 reduction catalysts is 

still an emerging field. With the ubiquitous nature of biphenylene linkers used within these structures, 

substitutions with functionalized polypyridyl catalysts have been shown to be a convenient strategy to 

integrate catalysts with these polymers. To date, catalytic activity has generally been conserved upon 

immobilization with substantial increases in overall stability and recyclability of the catalysts. While 

primarily limited to photocatalytic applications so far, as advances are being made in conductive MOFs 

and coordination polymers, integration into electrocatalytic systems should become more feasible 

moving forward. 

5.3. Membranes 

The use of porous membranes as solid supports for catalyst immobilization offers several 

practical advantages over other strategies. Membranes are often conductive and interface easily with 

electrode surfaces, thereby affording direct integration with electrode materials. They also can be tuned 
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to have hydrophobic properties, which should assist in inhibiting proton reduction. Membranes are 

versatile and have good stability in various solvents and at various pHs in aqueous media. Furthermore, 

immobilization of catalysts can often occur simply via adsorption from a solvent in which the catalysts 

are soluble. The modified membrane can then operate in solvents where the catalyst is typically insoluble 

and in which homogeneous catalysis would be impossible.  

The most important membrane for immobilizing CO2 reduction catalysts is the Nafion© 

membrane which consists of a poly-tetrafluoroethane backbone with perfluorovinyl substituents that 

terminate in sulfonate functionalities. Kaneko and co-workers first reported the immobilization of 

Re(bpy)(CO)3Br and Re(tpy)(CO)3Br within a Nafion© membrane in 1993.178 The electrochemical 

behaviour of the immobilized Re catalysts in aqueous media closely mimics that of the homogeneous 

analogues previously described, with reduction followed by loss of Br– and then by the formation of a 

dimeric species. CO2 electroreduction produced formic acid, CO and H2. The selectivity for CO2 vs H+ 

reduction and for formic acid vs CO was shown to be dependent on the applied potential (Table 23 

Entries 1-6). For both the Re(bpy)(CO)3Br and Re(tpy)(CO)3Br systems, applying more negative 

potentials resulted in greater H+ reduction. When more positive potentials are used with the 

Re(bpy)(CO)3Br system, the reaction favours formic acid over CO as a product of CO2 reduction. It thus 

appears as if CO was produced at a relatively constant faradaic efficiency regardless of applied potential. 

However, more positive potentials favour the formation of formic acid, while more negative potentials 

favour the formation of H2. Thus, it is likely that productive cycles affording formic acid and H2 share 

a common intermediate with a potential-dependent selectivity determining step. 

Table 23. Membrane immobilized catalysts assessed for electrocatalytic CO2 reduction tested in H2O at pH 7 

Entry Molecular Precursor 
Immobilisation 

method 

Applied 

potentiala 

Time 

(h) 

Products 

(faradic yields in %) 
Ref. 

1 

 

R = H 

DMF/alcohol 

solution mixed with 

Nafion© and drop-

cast onto basal-

plane pyrolytic 

graphite 

−1.46 V 4.30 
HCOOH (48); CO 

(17); H2 (39) 
178 

2 R = H −1.56 V 4.27 
HCOOH (12.4); 

CO (29); H2 (53) 
178 

3 R = H −1.66 V 2.08 
HCOOH (12); 

CO (17); H2(78) 
178 

4 R = H −1.76 V 2.38 
HCOOH (7); 

CO (8); H2 (68) 
178 

5 R = Py −1.66 V 3.04 HCOOH (15); H2 (51) 178 

6 R = Py −1.76 V 3.19 HCOOH (8); H2 (82) 178 

7 

Co(tpy)2(PF6)2 

Soaking 

Nafion©/basal plan 

pyrolytic graphite 

electrode in aqueous 

solution of catalyst 

−1.26 V 4.84 HCOOH (51); H2 (13) 179 

8 –1.51 V 3.89 HCOOH (10); H2 (68) 179 

9 –1.71 V 3.06 HCOOH (5); H2 (87) 179 

10 

 

R = H CH3CN/alcohol 

solution mixed with 

Nafion© drop-cast 

onto glassy carbon 

electrode 

–1.50 V 4 CO (26); H2 (17) 180 

11 R = H –1.60 V 4 CO (22); H2 (24) 180 

12 R = H –1.70 V 4 CO (51); H2 (24) 180 

13 R = H –1.80 V 4 CO (7); H2 (81) 180 

14 R = H CH3CN/alcohol 

solution mixed with 

Nafion© and CNT 

–1.45 V 4 CO (11); H2 (52) 180 

15 R = H –1.65 V 4 CO (22); H2 (47) 180 
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drop-cast onto 

glassy carbon 

electrode 

16 R = H CH3CN/alcohol 

solution mixed with 

Nafion© and 

MWCNT drop-cast 

onto glassy carbon 

electrode 

–1.60 V 4 CO (50); H2 (14) 181 

17 R = H –1.70 V 4 CO (52); H2 (11) 181 

18 R = tBu –1.60 V 4 CO (44); H2 (46) 181 

19 R = tBu –1.70 V 4 CO (75); H2 (24) 181 

20 R = OH –1.60 V 4 CO (40); H2 (1) 181 

a: potentials in V vs. Fc+/Fc. 

 

Kaneko and co-workers quickly extended this strategy of immobilization to the [Co(tpy)2]2+ 

catalytic system (Table 23 Entries 7-9).179 Using analogous procedures as was reported with the Re 

systems, they prepared glassy carbon electrodes coated with Nafion© containing [Co(tpy)2](PF6)2. 

Qualitatively similar results could be found in which CO2 electroreduction is favoured at more positive 

potentials. Of note, the major CO2 reduction product was formic acid and not CO, with faradaic 

efficiencies as high as 51.4% at –1.26 V vs Fc+/Fc applied potential.  

Cowen and co-workers have revisited Nafion© as a solid support. Using similar methods as 

Kaneko and co-workers, Mn(bpy)(CO)3Br could be immobilized within Nafion© by soaking the 

membrane in an acetonitrile/propanol solution of Mn(bpy)(CO)3Br.180 The modified Nafion© was then 

drop cast onto glassy carbon electrodes or mixed with carbon nanotubes (CNTs) as high surface area 

electrodes. Cyclic voltammograms in aqueous solutions at pH 7 were qualitatively similar to those of 

the homogeneous system, with evidence for dimerization occurring upon reduction. This suggests that 

the Mn catalysts either freely diffuse within the membrane or are immobilized in localized clusters 

allowing them to interact with each other. Controlled potential electrolyses of the films on glassy carbon 

electrodes between –1.5 and –1.8 V vs Fc+/Fc in a CO2 saturated aqueous solution at pH 7 led to the 

production of CO along with H2 (Table 23 Entries 10-13). Total faradic efficiencies were found to be 

as high as 51% with as much as 471 TONs for CO production.180 When the modified Nafion© is 

supported on multi-walled carbon nanotubes (MWCNTs), a 10-fold current density enhancement was 

observed by CV at slow scan rates.181 However, controlled potential electrolyses determined that the 

current enhancement was primarily due to formation of H2, now the major product in a 2:1 ratio (Table 

23 Entries 16-17).  

An attractive feature of catalyst immobilization within Nafion© is that most synthetic variants 

of a catalyst should be amenable to heterogenization. There should be a high degree of functional group 

tolerance to immobilization so activity could be synthetically tuned similarly to homogeneous systems. 

To demonstrate this, Cowen and co-workers further reported the immobilization of three variants of 

Mn(bpy)(CO)3Br: Mn(bpy-tBu)(CO)3Br, Mn(bpy-COOH)(CO)3Br and Mn(bpy-OH)(CO)3Br.181 All 

three complexes were homogeneous catalysts for CO2 reduction to CO in acetonitrile. However, upon 

immobilization of Mn(bpy-COOH)(CO)3Br within Nafion© and then on MWCNTs, no CO2 reduction 
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could be observed in aqueous solution at pH 7. In contrast, the immobilized Mn(bpy-tBu)(CO)3Br 

demonstrated high activity for CO2 reduction under similar conditions with the formation of H2 and CO 

in a 3:1 ratio, with 46.1 TONs of CO in 4 hours (Table 23 Entries 19-20). These observations indicate 

that catalyst performance within Nafion© cannot be assumed to directly relate to solution behaviour. 

However, it also shows that there is a possibility to tune activity through substitution. Replacing bpy 

with bpy-tBu resulted in an increase in TONs for CO over 4 hours from 35.9 to 46.1, representing an 

activity enhancement of over 28%.181  
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6. Conclusions and Perspectives 
 

  Polypyridine-metal complexes make the largest class of molecular catalysts for CO2 electro- and 

photo-reduction. This journey through this family of catalysts provides a clear view of their potential for 

applications. This is in particular due to a quite broad and quick development of electrode materials based 

on such complexes, taking advantage of the modern methodologies available for immobilizing ligands or 

complexes within solids or at the surface of electrodes. Indeed there is no doubt that future technological 

devices for CO2 reduction will use solid materials, thus challenging molecular chemists positively with 

regard to the contribution of their science to the development of new energy technologies.  

On the other hand, despite these interesting conclusions, it is striking to observe a number of 

limitations and challenges that need to be addressed. 

 First, while there is a general consensus that efforts should focus on non-noble metals, the greatest 

majority of studies still concern catalysts based on 4d and 5d metals, with Re and Ru complexes continuing 

to enjoy broad investigations. In contrast, probably because the initial observations on Fe-, Cu-complexes 

were disappointing, these metals have been essentially ignored. This is not true for Co-, and to a lesser 

extent for Ni-complexes.  However, so far, the performances of this subclass of catalysts, in terms of faradic 

yields, stability and turnover numbers, have not reached the appropriate level for further developments. 

Probably the most novel and interesting system is the Mn-based one discovered by Deronzier and coll. 

Nevertheless, there is an urgent need to explore the polypyridine platform more extensively for discovering 

new catalysts based on Fe, Co, Ni, Mn and Cu. 

 Second, while polypyridines can potentially be modified synthetically to afford a variety of ligands 

with various electronic and steric (important to control critical monomer/dimer) effects, it is surprising to 

see so little variation in the structure of the most studied ligands, such as bipyridine, phenanthroline and 

terpyridine for example. The substituents are generally limited to methyl, tert-butyl and carboxyl groups. 

This is due to the fact that only few such derivatives are commercially available and little effort has been 

made in developing synthetic strategies for producing original derivatives of bpy, phen and tpy ligands. It 

is even more surprising when one considers the importance of such ligands in general inorganic, 

coordination and organometallic chemistry. These efforts should be engaged now, in order to further 

understand basic aspects of the reactivity and selectivity of the best catalysts and further improve their 

performances. 

 Third, with the exception of the Re-based catalysts, so far the number of deep mechanistic 

investigations is very limited. Still, catalytic intermediates are incompletely characterized and sometimes 

contradictory mechanisms have been proposed for similar systems. While indeed there is no relevance 

spending excessive efforts to mechanistically characterize weakly active systems, some of the catalysts 

described in this review article clearly deserve more in-depth mechanistic investigations. Here again, this 

knowledge will obviously inspire the chemists towards new and more efficient, selective and stable systems.  
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Even though the advent of a new world based on renewable energies and storage technologies is 

urgent enough time and support should be given to the chemists to address some of these very fundamental 

questions.  
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