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Abstract 

Solar fuel production through the so-called artificial photosynthesis has attracted a great 
deal of attention to the development of a new world energy matrix that is renewable and 
environmentally friendly. This process basically comprises the absorption of sunlight 
energy by an appropriate photocatalyst that is active for carbon dioxide conversion into 
organic fuels. Commonly, an electrocatalyst can be coupled to the system for later 
improvement of the photocatalytic efficiency and selectivity. In this work, we have 
undertaken a thorough investigation of the redox reaction mechanism of Ru-based 
electrocatalysts by means of density functional theory (DFT) methods under the 
experimental conditions that have been previously reported. More specifically, we have 
studied the electrochemistry and catalytic activity of the coordination complex 
[Ru(bpy)2(CO)2]2+. Our theoretical assessment support the following catalytic cycle: (i) 
[Ru(bpy)2(CO)2]2+ is transformed into [Ru(bpy)2(CO)]0 upon the two-electron reduction 
and CO release; (ii) [Ru(bpy)2(CO)]0 is protonated to form the hydride complex 
[Ru(bpy)2(CO)H]+; (iii) CO2 is activated by the hydride complex through an electrophilic 
addition to form the intermediate [Ru(bpy)2(CO)(OCHO)]+, with the formation of C-H 
bond; (iv) the resulting formate ligand ion is then released in solution; and, finally, (iv) 
CO ligand is reattached to the complex to recover the initial complex [Ru(bpy)2(CO)2]2+.   

 

 

 

 

 

 

 

 

 

 

 

 

 



I. Introduction 

In the last decades, the use of carbon dioxide as starting material for organic fuel 
production has been emerging as an exciting possibility in the development of a more 
environmental-friendly society. [1] [2] [3] [4] [5] For instance, low-weight hydrocarbons, 
formic acid and alcohols are among the products recently reported. This process does not 
take place in a direct way due to the high stability of the carbon dioxide molecule, but in 
a proton-coupled multielectron transfer scheme that reduces significantly the 
overpotential necessary for the product formation. [5] In this sense, a 
photoelectrocatalytic system comprising a photosensitizer and an electrocatalyst offers 
such possibility, with electron transfer rate being determined by the thermodynamics 
driving force, density of accepting states, the reorganization energy and the electron 
coupling between the semiconductor and the electrocatalyst. [1] [6] 

Metal oxides, including TiO2, Ta2O5 and graphitic-C3N4 [7] are among the 
photosensitizers under current interest for CO2 reduction, whereas Re and Ru complexes 
work as electron transfer mediators (electrocatalysts) between the semiconductor and 
carbon dioxide. [8] In 2010, Sato et al. developed a hybrid system consisting of a p-type 
semiconductor (N-Ta2O5) and Ru complex electrocatalysts (namely: [Ru(bpy)2(CO)2]2+, 
[Ru(dcbpy)(bpy)(CO)2]2+, [Ru(dcbpy)2(CO)2]2+) in acetonitrile/triethanolamine solution. 
In particular for [Ru(dcbpy)(CO)2]2 /N-Ta2O5 (which has an anchor group -COOH in the 
4,4’ positions on bipyridine), it was found a selectivity of 75% for formic acid against 
CO and H2. [8] A theoretical investigation carried out by Akimov et al. [6] on different 
anchor groups in undoped-Ta2O5/neutral Ru(di-X-bpy)(CO)2Cl2 have found that the 
electron gets trapped in the conjugated system formed by the sp2 carbon (-COOH), 
whereas the reduction should occur close to the metal-center with phosphate as anchor 
group. As a consequence, the former has a lower efficiency. [6] Besides the recent 
publications, the mechanism of CO2 reduction is still under debate.  

Other studies have focused on the use of Ru complexes for CO2 reduction in an 
electrochemical cell, thus not involving a photocatalyst. In 1991, the pioneer work by 
Meyer and collaborators [9] reported the process of CO2 reduction to formate catalysed 
by a polypyridyl Ru-complex in tetra-n-butylammonium hexafluorophosphate and 
acetonitrile with different amounts of water, suggesting that CO2 is inserted into the Ru-
H bond in [Ru(bpy)2(CO)H]+ with a later recovery of the metal hydride by water 
reduction. These processes are activated by the initial reduction at the bipyridine (bpy) 
ligand, which subsequently increases the electron density at the metal/metal-hydride bond 
allowing the CO2 attack as an electrophile. [9] In another work, Noblat et al. [11] have 
verified that the bpy ligand is released during the process with the subsequent formation 
of a polymeric film (ϕ=-0.91V vs. SHE), which in turn leads to a low amount of hydride 
complex [RuII(bpy)2(CO)H]+ in pure acetonitrile solution. Under such conditions, the 
main role in the reduction reaction is played by the hydride complex, whereas in aqueous 
acetonitrile, the conversion efficiency of 3% has been attributed to the polymeric 
film.[11] In a more recent study, Kuramochi and collaborators [12] have proposed that 
the low supply of electrons promoted the dimerization of Ru complexes (in RuI-RuI) 
leads to the formation of formate whereas the CO formation is favoured in a lower catalyst 
concentration. Based on that, they have synthesized the complex trans (Cl-Ru(6Mes-
bpy)(CO)2Cl2, which exhibits a higher selectivity for CO production by supressing the 
dimer formation. [12]  



Here, as a part of the understanding of the process previously verified by 
experimental methods, we aim at understanding the electrochemistry of Ru-based 
electrocatalysts with focus on the coordination complexes [Ru(bpy)x(CO)2]y with bpy = 
2,2’ bipyridine. Here, x and y correspond to the number of ligands and total charge of the 
complex, respectively. The theoretical framework is based on density functional theory 
interplayed with Born-Haber thermodynamics cycles and implicit solvation models. Our 
findings support the following catalytic cycle: (i) [Ru(bpy)2(CO)2]2+ transforms into 
[Ru(bpy)2(CO)]0 upon the two-electron reduction and CO release; (ii) [Ru(bpy)2(CO)]0 is 
protonated to form the hydride complex [Ru(bpy)2(CO)H]+, which is actually the catalytic 
active species; (iii) CO2 is activated by the hydride complex through an electrophilic 
addition to form the intermediate [Ru(bpy)2(CO)(OCHO)]+, with the formation of C-H 
bond; (iv) the resulting formate ligand is then released in solution; and finally, (iv) CO 
ligand is reattached to the complex to recover the initial complex [Ru(bpy)2(CO)2]2+. 

II. Computational Details 

In this work, we have calculated the redox potentials of selected Ru-complexes in solution 
with reference to the standard hydrogen electrode (SHE, ref = 4.26 V). According to 
thermodynamics, the relation between the standard redox potential  of a A/A- redox 
couple and the Gibbs free energy of reaction in solvated phase (ΔrG(solv)) is given by  

=-ΔrG(solv)/nF,                                                                (1) 

where n is the number of electrons involved in the process and F is the Faraday Constant. 
ΔrG(solv) can be obtained through the Born-Haber thermodynamic cycle that is shown in 
Scheme 1. 

 
Scheme 1-Thermodynamic cycle used for calculation of ΔrG(solv). 

In Scheme (1),  

ΔrG(solv) = ΔrG(g) – ΔsolvG (A) + ΔsolvG (A-),                               (2) 

where                                      

       ΔrG (g)= G (𝐴( )) – G 𝐴( ) .                                          (3) 

In Eq. (3), A and A- stand for oxidized and reduced species, respectively. In Eq. (2), ΔsolvG 
is the Gibbs solvation energy of the individual species, whereas in Eq. (3). The Gibbs free 
energy in the gas phase, G, is decomposed into entropic (S) and enthalpic (H) 
contributions, as follows: 

                                                G (g) = H - T(Svib+Srot+Strans),                                         (4) 

where  

                                           H = Eelect + Uvib + Urot + Utrans + PV,                                         (5) 



with Eelect being the self-consistent energy computed from the ab initio calculations, Uvib 
is the vibrational internal energy, Utrans =Urot =3/2 kBT are the internal energy 
contributions related to the translational and rotational degrees of freedom and PV= kBT 
is the pressure-volume contribution. [13]  

Here, all calculations were performed in Gaussian 09 [14] by using density 
functional theory (DFT) methodology. The Jaguar code [15] was also employed to 
benchmark the results (see on Supporting Information, SI). Optimizations and frequency 
calculations were carried out in gas phase at B3LYP/6-31G* level of theory, [16] while 
the electronic total energies were taken from an additional single-point calculation with 
6-311++G(2df,2p) basis set, which includes polarization and diffusion functions. 
Additionally, we have tested both LAND2DZ and SDD models of effective core 
potentials for the ruthenium atom (Ru), which aims replacing the chemically inert core 
electrons, reducing the computational cost. Dispersion effects were considered through 
the use of M06 functional [17], but no additional improvement has been obtained. 
Solvation energies were attained by applying the polarizable continuum (PCM) [18] and 
SMD [19] solvent models.  

III. Results and Discussion 

III.1 The Starting Complex- [Ru(bpy)2(CO)2]2+ 

Ruthenium (Ru) is a transition metal element with ground state configuration 4d7 5s1, 
displaying oxidation states from VIII to 0 and thus featuring a rich chemistry. In this 
study, the main complex [Ru(bpy)2(CO)2]2+ is stabilized an 18-electron octahedral 
complex that could be attached to a semiconductor to act as a charge-transfer mediator 
(electrocatalyst) between the photosensitizer and the reactant, i.e. carbon dioxide. In this 
complex, the electronic configuration exhibited by Ru is [Kr] 4d6, with oxidation state 
2+. Therefore, it shows diamagnetic properties and a low spin configuration with no 
electrons unpaired. [20] [21] Bipyridine (bpy) ligands have a bidentate chelating bonding 
with the Ru metal center, with CO ligands lying in the axial and equatorial positions to 
complete the octahedral coordination complex (see Fig. 1). 

Fig. 2 depicts the total- and partial density of states (t- and p-DOS) of this 
compound at the range -20 to +9 eV to provide more details about its electronic structure. 
Right below the Fermi energy, the Ru 3d orbitals have the highest contribution for the 
HOMO, being the π-orbitals from the bpy ligand dominant from -0.6 to -4.7 eV, while 
the π*-orbitals compose the first unoccupied orbitals, also showing contribution from N 
2p antibonding orbitals. This is an interesting feature, because this ligand assimilates the 
electronic charge in the first reduction process, which is expected to be distributed over 
this group, particularly at the carbon atoms. On the other hand, the p orbitals from the CO 
ligand only contributes in a significant way at energies lower than -5.0 eV until about -
6.0 eV in the valence states. On the other hand, CO acts as a spectator ligand, as its 
unoccupied states (p states) are just available on about 3.9 eV. However, its loss is an 
important step to open a coordination site on the Ru-complex for further protonation. 



 

Figure 1- Molecular geometry of [RuII(bpy)2(CO)2]2+. 

 

Figure 2- Total and partial density of states (pDOS) for the starting complex [RuII(bpy)2(CO)2]2+
, 

also labeled as 1 in the text. Level of theory: PBE/500 eV, VASP code. The fermi energy is set at 
zero.  

III.2 Reduction Pathways for Ru-Complexes  

III.2.1 Thermodynamics Aspects 

Experimentally, the [Ru(bpy)2(CO)2]2+ complex- labeled as 1 in Fig. 3, does not show 
catalytic activity for CO2 reduction in solution, but the scenario changes when it is 
combined with the N-doped N-Ta2O5 in acetonitrile/TEA (5:1) solution, although still 
displaying a turnover number lower than 10 [8]. Sato et al. [8] have measured a redox 
potential of -0.7 V vs. SHE for this complex in acetonitrile purged with Ar and -1.0 V vs. 
SHE in presence of CO2. For simplicity, we used the former value as reference for method 
validation, but this reference electrode will not be mentioned hereafter along with the 
redox potentials. Here, we use the former value written in orange in Fig. 3 as our reference 
value for method validation. Actually, we have achieved an excellent agreement with the 
theory level B3LYP/6-311++G (2df,2p) and solvation model (PCM). As can be observed 
in Fig. 3, our calculated value is -0.69 V. Therefore, all outcomes throughout this work 
will be given within this choice of exchange-correlation functional and basis, although a 
more extensive compilation of results is provided in Table S1. Fig. 3 depicts different 
pathways of the reduction reactions for the starting complex 1 including the routes that 
considers the CO ligand loss. The dashed arrows represent the processes that are not likely 
to occur. From this picture, it is possible to realize that the second reduction from 2 →3 
is not a feasible pathway, since this step exhibits a much more negative potential ( = -



1.33 V) than that verified experimentally (= -1.0 V). Instead, 2 can overcome the 
energetic barrier of +8.34 kcal/mol to release the CO ligand (to form 5), followed by a 
second reduction process at  = -1.04 V that is supported by the experimental finding. 
Although pKa calculations are out of scope of this work, our results show a 
thermodynamically favourable protonation step with ∆G=-54.36 kcal/mol that suggests 
that the carbon dioxide activation process may be originated from the complex 7.  

 

Figure 3- Possible pathways for reduction of Ru complexes along with CO ligand loss. ΔrG(solv) 
and ϕ are given in kcal/mol and volts, respectively. The value in orange indicates the experimental 
result by Sato et al. [1]. Level of theory: B3LYP/6-311++G(2df,2p)/PCM solvent model. In the 
right side, it is shown the general structural formula for compounds 1-3, which basically differ by 
their total electronic charge. 

Noblat et al. [10] have previously carried out the electrocatalytic reduction of 
carbon dioxide in acetonitrile solution, being 1 used as the electrocatalyst to produce 
formate. They have verified at -0.96V an irreversible peak associated with the formation 
of the Ru0-polymer {[Ru(bpy)(CO)2]0 }n , a process that takes place upon release of a bpy 
ligand in solution. In another work [22], the polymerization was suggested to occur 
through a step of dimerization of RuI-RuI monomers, followed by oligomerization of Ru 
monomers with mixed valence. In aqueous acetonitrile (20% v/v H2O), the polymer 
species was found to play the major role in the reduction to formate, with 3% efficiency 
at -1.01V. Nevertheless, the hydride complex [Ru(bpy)2(CO)H]+ was the active species 
in the reduction process in pure acetonitrile, being formed after the CO release step. In 
this case, the cathodic current regarding the formate production by the reduced form of 
the hydride complex started at -1.36 V. This pathway is depicted in Fig. S1-left, where 
the formation of the Ru-0 complex (10) from the RuI-complex 2 or 9 has a very low 
potential ( = -0.20 V). From this step, our calculations exhibit a more thermodynamically 
favourable result for the dimerization taking place between Ru-complexes with mixed 
valence (9 and 10), as indicated by the ∆G=-3.30 kcal/mol for this step. We have not 
verified the whole polymerization process because the large systems might require a 
better solvation method to accurately reproduce the experimental values, but the 
trimerization process occurring at =-0.90 V is quite close to the reported value. Actually, 
this pathway is shown in the Supporting Information for completeness, since we are 



dealing with the electrocatalyst that could be further functionalized for coupling with a 
photosensitizer.  

We can also verify that the release of a ligand – either bpy or CO – is 
thermodynamically favoured upon the electrocatalyst reduction. For instance, ΔrG(solv) of 
the bpy release is diminished from +70.99 to +0.08 kcal/mol upon reduction of 1 to 2, a 
trend that is also verified for the CO loss pathway. Such effect is resultant from a more 
unstable electrocatalyst that is generated after the reduction process that facilitates the 
ligand release.  

In this section, variations in the electronic structure induced by the release of 
carbon monoxide are discussed. Figs. 4 (a)-(d) display the t- and p-DOS for compounds 
2,5-7, being the black (red) dashed lines representative of the spin-up (spin-down) t-DOS 
in the open-shell systems. Structural variations are also analyzed by using different charge 
analysis methodologies, such as Mulliken, Hirshfeld and natural bond orbital (NBO). 
These methods exhibit similar trends for the charge transfer processes that are studied in 
this work, but the absolute values of partial charges differ quite a lot. The text will include 
discussions at the light of Mulliken charge analysis (see Table 1) because these charges 
are closer to those expected by chemical intuition. Hirshfeld and NBO partial charges are 
available in Tables S1 and S2.  

In Fig. 4 (a), the first reduction process introduces a peak that is localized around 
the Fermi energy (Ef = -4.73 eV). In the plot, this value is set as reference (at 0 eV). As 
can be observed, the shift that takes place from Ru(II) (in Fig. 2) is of about +2.0 eV 
towards more positive values upon electron transfer. As expected, this band is mainly 
composed by -orbitals of the bpy ligand that takes the electronic charge. The Mulliken 
charge analysis indicates that each bpy ligand assimilates -0.39e, whereas Ru receives a 
total charge of -0.05e. Furthermore, the Ru-N bond length is stretched from 1.127 (1.151) 
Å at [RuII(bpy)2(CO)2]+2 to 2.111 (2.147) Å, suggesting that this bond is significantly 
weakened. This might be the reason behind of the favourable release of this ligand in 
solution.  

 

Figure 4- Total and partial DOS in different Ru-complexes throughout the reduction pathways 
involving the CO release and hydride formation. The fermi level is set at zero for all compounds, 
although the energy values differ from each other. Level of theory: PBE/500 eV, VASP code. 



In the second plot, the CO loss results in significant changes in the complex 
electronic structure. First, bonding Ru 3d states from -0.06 to about -2.30 eV exhibit 
localization due to the opening of a coordination site. Lying lower in energy, C 2p states 
from the bpy ligand are equally localized, while not mixing with N 2p states at this energy 
range. The five-coordinated complex has its bidentate chelating ligand with +1.08e, 
altering the bond strength of different Ru-N bonds. On the other hand, Ru has an increased 
negative charge (-1.46 e) that approximates carbon atoms (CO) in about 0.04 Å.  

The third plot in Fig. 4 displays the resulting complex after the second reduction 
process, i.e. [Ru0(bpy)2(CO)]0. The band right below the Fermi energy shows that the 
added electron lowers the C 2p and N 2p states for an effective π-backbonding interaction 
with the Ru atom. The charge assimilated by the bpy ligand (-0.74 e) also shows that its 
capacity of taking electrons is not affected after the first reduction process as many 
unoccupied *-orbitals are still available at this step.  

To form the hydride complex [Ru(bpy)2(CO)H]+ containing a hydrogen atom 
bonded at the axial position (see Fig. 5), a proton has been added to positively charge the 
resulting complex, without changing its multiplicity state. Such added charge is mostly 
taken by the Ru atom (+0.93e), while the hydrogen itself receives -0.25e, in line with a 
Ru-hydride formation. The H 1s states are mixed with both Ru 3d and C 2p and N 2p to 
generate the band centered at about -2.2 eV in Fig. 3-bottom, with Ru-H bond length of 
1.609 Å. As it is well known, the hydride ligand is directly responsible for activating the 
highly stable carbon dioxide molecule, as it will be discussed in the next section.  

 
Table 1- Mulliken Population Analysis in the pathway of reduction [Ru(bpy)2(CO)2]2+ → 
[Ru(bpy)2(CO)H]+ .  

 

 
Figure 5-Molecular structure of the [Ru(bpy)2(CO)H]+ hydride complex, which is the active 
catalyst for CO2 conversion.  

Systems 1 2 5 6 7 Δe 
(1-2) 

Δe 
(2-5) 

Δe 
(5-6) 

Δe 
(6-7) 

Ru 4.58 4.53 3.07 2.92 3.85 -0.05 -1.46 -0.15 +0.93 
CO(1) -0.47 -0.56 -0.74 -0.83 -0.82 -0.09 -0.18 -0.09 +0.01 
CO(2) -0.47 -0.56 - - - -0.09 - - - 

bpy(1) -0.82 -1.21 -0.67 -1.04 -0.89 -0.39 +0.54 -0.37 +0.15 

bpy(2) -0.82 -1.21 -0.67 -1.04 -0.89 -0.39 +0.54 -0.37 +0.15 

H - - - - -0.25 - - - -0.25 
totchg 2.00 1.00 1.00 0 1.00 - - -  

          
t- Ru 4.58 4.53 3.07 2.92 3.85 -0.05 -1.46 -0.15 +0.93 
t-CO -0.94 -1.12 -0.74 -0.83 -0.82 -0.18 -0.18 -0.09 +0.01 

t-bpy -1.64 -2.42 -1.33 -2.08 -0.89 -0.80 +1.08 -0.74 +0.30 



III.3 Reaction Mechanism 

III.3.1- CO2 insertion into the Ru-H bond 

In this subsection, the insertion of carbon dioxide into the Ru-H bond from the hydride 
complex 7 is evaluated considering the reaction thermodynamics in acetonitrile solution, 
assuming that this process does not involve an external applied bias, but just internal 
charge transfer from the complex to the reactant. Two reaction pathways have been 
considered, involving different reaction intermediates that are bound to the electrocatalyst 
either via carbon (-COOH) or via oxygen (-OCHO) atoms. These intermediates, 
associated to two hydride transfer mechanisms to oxygen and carbon, respectively, have 
molecular structures depicted in Figs. 6 (a) and (b), respectively.  

The carbon-bound intermediate in [Ru(bpy)2(CO)(COOH)]+ (18) formation has 
an energy cost of ∆rG(solv) = +9.72 kcal/mol (see Fig. 7). Its molecular structure (see Fig. 
6(a)) has a O-C-O angle bent by 63.7° in comparison with the initial free linear molecule. 
Additionally, the C-O(H) bond is stretched to 1.39 Å (∆=0.18Å) due the presence of the 
O-H bond. The [Ru(bpy)2(CO)(OCHO)]+ (19) interemediates forms at much lower energy 
cost (∆rG(solv) = +2.05 kcal/mol) than 18. In this case, the O-C-O angle varies 53° in the 
process of activation to form -OCHO, whereas the C-H bond length of 1.106 Å suggests 
that this bond is much weaker than O-H bond in 18. The internal electron transfer between 
the electrocatalyst and the carbon dioxide molecule is evidenced by the now negative 
charge carried by the intermediate (-0.41e and -0.52e), while Ru has its internal charge 
increased by +0.24e and +1.82e in 18 and 19, respectively, as reported in Table 2.  

 

Figure 6-Molecular structure of Ru-complexes after CO2 insertion into the Ru-H bond.  The H 
atom is bonded to oxygen (a) or carbon (b) to follow different routes. 

Table 2- Mulliken Population Analysis for the electrocatalysts upon CO2 insertion.  

 Initial -COOH 
complex 

-OCHO 
complex 

∆e ∆e 

Electrocatalyst      
Ru 3.85 4.09 5.67 +0.24 +1.82 
H -0.25 0.24 0.16 +0.49 +0.41 
Reactant      
C 0.40 0.11 0.30 -0.29 -0.10 
O -0.20 -0.33 -0.31 -0.13 -0.11 
O -0.20 -0.19 (O-H) -0.52 +0.01 -0.32 

 

 



III.3.2- Protonation and product release 

In the next step, the Ru-complexes 18 and 19 are protonated towards the product 
formation, as shown in Fig. 7. In fact, CO is a natural product from the ligand release that 
takes place right after the first reduction process, as previously discussed. In this sense, 
the carbon-bound [Ru(bpy)2(CO)(COOH)]+ complex (18) is preferentially protonated at 
the oxygen (O-H) site to form water. This is justified by the electrostatic attraction from 
this atom (-0.19e) in comparison with the carbon site (+0.11e), being the protonation a 
favoured process with ∆rG(solv) = -20.10 kcal/mol from the intermediate species. Thus, in 
this pathway the water release would lead to the recovering of the initial electrocatalyst 
[RuII(bpy)2(CO)2]2+ (1) and the primary product is CO. Although the overall reaction is 
energetically favourable, with an overall process with ∆rG(solv) = -10.38 kcal/mol, this 
pathway goes through a high energy intermediate [Ru(COOH)]+ (∆rG(solv) = 9.72 
kcal/mol) with a plausible transition state that likely involves a large activation barrier 
(>9.7 kcal/mol). Concerning the complex [Ru(bpy)2(CO)(OCHO)]+ (19), we have 
initially assessed the reaction free energy to simply release the formate ion in solution. 
As can be observed, this is an energetically unfavourable process with a total cost of 16.71 
kcal/mol. However, the overall reaction involving the stabilization of the formic acid 
displays a reaction free energy of -20.52 kcal/mol. Here, we have considered the CO 
reattaching to the complex recovering the initial configuration [RuII(bpy)2(CO)]2+, as 
displayed in Fig. 7 (forth step). Furthermore, this reaction pathway goes through a low-
energy intermediate, i.e. 2.05 kcal/mol are required to form the complex 19. Thus, the 
production of formic acid is more likely to occur when the hydride complex works as the 
active species. These results corroborate with the selectivity toward production of acid 
formic that has been observed experimentally. 

 
Figure 7-Energy diagram for different pathways of CO2 conversion with Gibbs free energies of 
reaction in solvated phase ∆rG(solv) (kcal/mol) given in relation to the hydride complex (7). 
[Ru(bpy)2(CO)(COOH)]+ and [Ru(bpy)2(CO)(OCHO)]+ are also referred as complexes 18 and 19 
in the text, respectively. In the third step, all products are still weakly bound to the Ru-complex 
structure, whereas the recovery of the starting complex (1) takes place at the third or forth step, 
depending on the reaction intermediate.  



 

IV. Conclusions 

In this work, we have employed density functional theory calculations along with 
thermodynamics cycles and implicit solvation models to shed light on the mechanism of 
CO2 reduction reaction electro-catalysed by the coordination complex [Ru(bpy)2(CO)2]2+. 
Initially, we have assessed the electrochemistry of such complex along its reduction 
reaction pathway in acetonitrile solution. It was found that the release of either CO or bpy 
ligand CO in solution is energetically favourable. Furthermore, the calculated redox 
potential of -0.69 V vs. SHE displays very good agreement with the experimental finding 
(around -0.7 V vs. SHE) for the first reduction step. The tendency to polymerization upon 
bpy release has also been evaluated. However, this is a process that may take place at 
more negative potentials. Within the experimentally measured potentials the CO release 
is more likely to occur according to our theoretical assessment. 

Furthermore, we have investigated the electronic structure of these complexes at 
different reduction stages by means of calculated total and partial density of states. For 
the complex [Ru(bpy)2(CO)2]2+, the Ru 3d states have the highest contribution for the 
HOMO, while the antibonding states from C sp2 atoms play the major role to compose 
the first unoccupied orbital (LUMO), showing also some contribution from N 2p 
antibonding orbitals. This is consistent with the fact that the bpy are non-innocent ligands 
during the reduction process. This result is further confirmed from the analysis of the 
DOS on the reduced complexes. 

Finally, we have also investigated different reaction pathways for the CO2 
reduction. Firstly, we show that the protonation of the complex [Ru(bpy)2(CO)]0 is 
energetically favourable and the system is prone to form a metal hydride structure. Then, 
we have assessed the energetic of two primary pathways for CO2 insertion into the 
electrocatalyst, which are connected with either C-H or C-Ru bond formations. We show 
that the former is more energetically favourable and the production of formic acid is the 
most likely reaction pathway corroborating with the experimental findings. More 
specifically, the CO2 reduction to CO would demand the stabilization of the higher energy 
intermediate [Ru(bpy)2(CO)(COOH)]+ at a cost of 9.72 kcal/mol. On the other hand, the 
formation of formic acid involves the stabilization of [Ru(bpy)2(CO)(OCHO)]+ at a lower 
cost of 2.05 kcal/mol. Moreover, the overall reaction free energy of – 20.52 kcal/mol 
leads to higher thermodynamics driving force. Thus, we propose the following catalytic 
cycle: (i) [Ru(bpy)2(CO)2]2+ transforms into [Ru(bpy)2(CO)]0 with the two-electron 
reduction and CO release; (ii) [Ru(bpy)2(CO)]0 is protonated to form the hydride complex 
[Ru(bpy)2(CO)H]+, which is actually the catalytic active species; (iii) CO2 is incorporated 
into the complex through an electrophilic addition to form the intermediate 
[Ru(bpy)2(CO)(OCHO)]+, with the formation of C-H bond; (iv) the formate ion is 
protonated and released in solution; and (iv) then CO ligand is reattached to the complex 
to recover the initial complex [Ru(bpy)2(CO)2]2+. 
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