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Abstract

:

In neutral medium (pH 7.0) [RuIIIRuII(µ-CO3)4(OH)]4− undergoes one electron oxidation to form [RuIIIRuIII(µ-CO3)4(OH)2]4− at an E1/2 of 0.85 V vs. NHE followed by electro-catalytic water oxidation at a potential ≥1.5 V. When the same electrochemical measurements are performed in bicarbonate medium (pH 8.3), the complex first undergoes one electron oxidation at an Epa of 0.86 V to form [RuIIIRuIII(µ-CO3)4(OH)2]4−. This complex further undergoes two step one electron oxidations to form RuIVRuIII and RuIVRuIV species at potentials (Epa) 1.18 and 1.35 V, respectively. The RuIVRuIII and RuIVRuIV species in bicarbonate solutions are [RuIVRuIII(µ-CO3)4(OH)(CO3)]4− and [RuIVRuIV(µ-CO3)4(O)(CO3)]4− based on density functional theory (DFT) calculations. The formation of HCO4− in the course of the oxidation has been demonstrated by DFT. The catalyst acts as homogeneous water oxidation catalyst, and after long term chronoamperometry, the absorption spectra does not change significantly. Each step has been found to follow a proton coupled electron transfer process (PCET) as obtained from the pH dependent studies. The catalytic current is found to follow linear relation with the concentration of the catalyst and bicarbonate. Thus, bicarbonate is involved in the catalytic process that is also evident from the generation of higher oxidation peaks in cyclic voltammetry. The detailed mechanism has been derived by DFT. A catalyst with no organic ligands has the advantage of long-time stability.
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1. Introduction


With the decrease in the abundance of fossil fuels (coal, petroleum, and natural gas), the search for alternative energy sources is an immense challenge for mankind [1]. In the past few decades, solar energy and electricity have been considered as the source of alternative energies [2]. It is important to note that in nature, plants employ the highly sophisticated machinery called Photosystem II to convert sunlight into fuel [3]. It uses the calcium-manganese based oxo-cluster (CaMn4O5 core) as the catalyst to split water via a series of proton-coupled electron transfer (PCET) processes [4]. Because of pollution free combustion and high energy density, hydrogen is considered a green and sustainable source of energy that can be produced by splitting water using solar photocatalysis [5] or electrocatalysis [6]. For this, an efficient and durable catalyst is in high demand for promoting proton coupled evolution of oxygen with the removal of four electrons (Equation (1)). However, this process is sluggish and needs electrochemically high overpotential to oxidize the water.


2H2O → O2 + 4H+ + 4e− E0 = 1.23 V vs. NHE



(1)







This is due to the complexity of the process: Formation of the O-O bond along with four protons and four electrons, which results in slow kinetics and thermodynamics [7]. RuO2 and IrO2 serve as highly efficient heterogeneous water oxidation catalysts [8]. Apart from oxides, sulfide, nitride, and phosphide transition metal compounds have been shown as catalysts of the oxygen evolution reaction, OER [9].



Over the years, extensive research has been carried out for the development of heterogeneous [10] and homogeneous [11] OER catalysts based on earth-abundant low cost materials. In the literature, a plethora of materials based on Mn [12,13], Fe [14,15], Co [15,16,17,18,19,20], Ni [21,22], and Cu [23], can be found which act as promising water oxidation catalysts. Catalysts involving costly metal, e.g., Ru [24] and Ir [25], are also reported. In the past few decades, enormous efforts have been put forwarded for the ruthenium-based molecular water oxidation catalysts [26,27]. Meyer and coworker [28] first reported the polypyridyl ruthenium-based water oxidation catalyst; cis, cis-[{RuII(bpy)2(py)(H2O)}2O]4+ (where py = pyridine and bpy = bipyridine) widely known as the “blue dimer” (BD). BD has been considered as the landmark in the mechanistic study of water oxidation catalysts (WOC) [29]. It has been proposed and verified by various in situ experimental studies that before OER the catalyst goes through a dimeric oxo species, O=RuV–RuV=O [30,31,32,33,34]. Three pathways have been proposed for the formation of the O-O bond after the water nucleophilic attack (Equations (3)–(5)) via coupling interaction of two metallo–oxyl/hydroxyl radicals are proposed [31,35].


L1Mn꞊O + H2O → L1Mn − 2−OOH + H+



(2)






2L1Mn꞊O → L1Mn − 1−OO−Mn − 1L1



(3)






L1Mn−(OH)2 → L1Mn − 2−(O2) + 2H+



(4)






2L1Mn−OH → L1Mn − 1−OO−Mn − 1L1 + 2H+



(5)







Later on, this mechanism of O-O bond formation became widely accepted by means of many experimental studies on molecular water oxidation catalysts [27,36]. Another important aspect of the BD catalyst in OER is that it involves PCETs [10,37,38,39,40]. PCETs are important because of two reasons: (a) Nature employs it in Photosystem II [41] and (b) it can decrease the pKa of the H2O molecule bound to the central cation, as a result, the formation of hydroxo/oxo species becomes easier, which stabilizes higher oxidation states (IV, V) [29]. However, in this context, it should be noted that the true role of homogeneous WOCs based on transition metal ions supported by organic/inorganic ligands are in question because in many cases it has been found that those complexes act as precursors for the generation of more reactive nanoparticles on the electrode surface [7].



Carbonate/bicarbonate acts as co-catalysts of the water oxidation processes [42,43]. This is due to the oxidation potential of the CO3•−/CO32− (E0 = 1.57 V vs. NHE) [44,45] couple that is significantly lower compared to that of OH•/H2O (E0 = 2.73 V vs. NHE) or OH•/OH− [42]. Bicarbonate/carbonate can facilitate the water oxidation by two ways: Stabilizing the metal ions in high oxidation states due to its strong σ donor character and/or act as pro-oxidant by forming CO3•− and/or HCO4−/C2O62−. For example, the redox potential of FeIII/II [46], MnIII/II [47], and CeIV/III [48] in concentrated carbonate solutions is shifted cathodically by 1.09, 0.99, and 1.70 V, respectively, compared to that of their aqueous counterpart. Similarly, other lanthanide carbonates, MIV(CO3)n (M = Pr, Tb), can be easily prepared by electrolysis of the carbonate solution at 1.4 V [48]. In 1958, Warburg and Krippahl reported that CO2 acts as stimulator in the light driven water oxidation process in Photosystem II [49]. Later on, it was accepted as the “bicarbonate effect” by means of experimental studies on the role of CO2/HCO4− [50].



The first experimental proof of the OER by copper carbonate was reported by Meyer et al. [51]. It showed the dependence of the catalytic current on metal salt concentration as well as on [CO32−]/[HCO3−], but did not confirm the oxidation state of the active catalyst (CuIII or CuIV) in the rate determining step. Later, a Density Functional Theory (DFT) study by Cramer et al. [52] showed the possibility of a CuIV species as the active intermediate. However, Meyerstein and coworkers [53] have shown that CuIII(CO3)n3−2n is the active intermediate in the electrolysis of CuII(CO3)n2−2n solutions using pulse-radiolysis experiments and DFT studies. In a recent paper, the role of carbonate as a “proton shuttle” has been discussed in the electrocatalytic water oxidation by Cu(N,N′-2,6-dimethylphenyl-2,6-pyridinedicarbox-amidate), CuL [54] in the presence of carbonate. In another nickel complex, NiII(1,4,8,11-tetraazacyclotetra- decane)2+, NiIIL12+ the involvement of carbonate has been discussed by Burg et al. [22] where the formation of a NiIV=O active species via cleavage of the C-O bond of the carbonate has been postulated along with many other processes involving CO32−/HCO3−. The formation of peroxo-mono-carbonate in the electro-catalytic water oxidation by some aluminum porphyrin complexes has been reported very recently by Kuttassery et al. [55] in the presence of CO32−/HCO3−. Several mechanisms for the role of carbonate in these processes can be proposed [22,45,54,56]:


Mn(OH)(OCO2)l → (OCO2)l-1Mn − 2(OOCO2) + H+



(6)






Mn(O)(OCO2)l → (OCO2)l-1Mn − 2(OOCO2)



(7)






Mn(OCO2)l → Mn − 2(OCO2)l-2 + C2O62− (C2O62− + H+ → HCO4− + CO2)



(8)






Mn(OCO2)l → Mn(O)(OCO2)l-1 + CO2



(9)







Followed by reactions (6), (9), (10) or (11) [22]:


2Mn(O)(OCO2)l-1 → (OCO2)l-1Mn − 1-OO-Mn − 1(OCO2)l-1



(10)






Mn(O)(OCO2)l-1 + H2O → Mn − 2(OOH)(OCO2)l-1 + H+



(11)






Mn(O)(OCO2)l-1 + HCO3− → Mn − 2(OCO2)l-1 + HCO4−



(12)






Mn(OH)(OCO2)l-1 + HCO3− → Mn − 2(OCO2)l-1 + HCO4− + H+



(13)






Mn(OCO2)l + HCO3− → Mn − 2(OCO2)l-1 + C2O62− + H+



(14)






2Mn(OCO2)l → 2Mn − 1(OCO2)l-1 + C2O62−



(15)






Mn(OCO2)l + HCO3− → Mn − 1(OCO2)l-1 + C2O62− + H+ + e− (at an anode)



(16)






Mn(OH)(OCO2)l + HCO3− → Mn − 1(OCO2)l-1 + HCO4− + H+ + e− (at an anode)



(17)






Mn(OCO2)l + H2O → Mn − 1(OCO2)l-1 + HCO4− + H+ + e− (at an anode)



(18)






Mn(OH)(OCO2)l + H2O → Mn − 1(OCO2)l + H2O2 + H+ + e− (at an anode)



(19)







As discussed above, the ruthenium based WOCs are promising and have interesting mechanisms of OER activity based on mononuclear and binuclear catalysts. The carbonate complex of ruthenium, Na3[Ru2(μ-CO3)4], has been reported by Wilkinson and coworkers [57,58] in 1986, and some electro-chemical properties have been studied by Cotton and coworkers [59]. Since water molecules can be coordinated to the two ruthenium central cations, in higher oxidation states, and this complex has reasonable solubility, though, most of the transition metal carbonates have low solubility in water, and in aqueous solution it seemed reasonable to speculate that it would be an ideal catalyst for electrochemical water oxidation. Herein the OER activity of the complex in the presence and absence of bicarbonate/carbonate are reported. Interestingly, in the presence of bicarbonate/carbonate, the catalyst goes through various oxidation states as obtained from cyclic voltammetry.




2. Results


The dimeric complex of ruthenium, Na3[Ru2(µ-CO3)4], is obtained as an orange yellow precipitate by reacting [Ru2(µ-CH3COO)4Cl] with Na2CO3 [59]. X-ray crystal structure [59] shows that four carbonates are bridging the two Ru centers to form the dimer, and the free oxygens of the carbonate ligands are bound to the axial position of a Ru atom present in an another dimer, making a two dimensional coordination polymeric structure (Figure S1). In the solid-state, no water molecule is found to be bound to the axial position of the ruthenium atoms. Thus, it has been considered that in solution the complex exists as [Ru2(µ-CO3)4]3−. The Ru25+ core has metal-metal (d6−d5) bonding with an electronic configuration of σ2π4δ2δ*2π*1 and bond order of 2.5 [60]. One interesting aspect of this complex is that, with further oxidation of the complex, electrons are being removed from the antibonding orbitals, resulting in an increase in bond order and strength. As a result, the integrity of the dimeric structure remains intact and is not decomposed. Herein two aspects of catalytic water oxidation are discussed: (a) Catalytic water oxidation in neutral medium and (b) catalytic water oxidation in bicarbonate/carbonate media.



2.1. Catalytic Water Oxidation in Neutral Medium


The complex was first dissolved in water in the presence of 0.20 M NaClO4 at a pH of 7.0 and cyclic voltammetry was performed. The quasi reversible (ΔEp = Epa − Epc = 107 mV) oxidation has been observed at an E1/2 of 0.85 V vs. NHE (Figure 1).



We speculated that in this medium, the high valent site, RuIII, of the complex gets coordinated by OH−. This fact has also been supported by theoretical calculations that show that when the complex is coordinated by OH− it gets stabilized by a free energy gain of −102.32 kcal.mol−1. The one electron oxidation of the complex from [RuIIRuIII(µ-CO3)4(OH)]4− to [RuIIIRuIII(µ-CO3)4(OH)2]4− is confirmed by comparing the current with K4[Fe(CN)6] under similar conditions (Figure S2). In this context, it is important to note that Cotton and coworkers [59] have studied the electrochemical properties of this system and found the same oxidation potential for the RuIIIRuIII/RuIIIRuII couple. However, herein we show that if we scan the potential further, then a large current can be seen at potentials ≥ 1.5 V vs. NHE. A very weak peak can also be seen at 1.4 V, which indicates the catalytic process goes through high oxidation states of the metal. The first peak is diffusion controlled, as it follows the Randles–Sevcik equation (Equation (20)), i.e., the current is proportional to the square root of the scan rate (Figure 2 and Figure S3).


   i d  = 0.496  n d     α   1 2    F A  [ C ]     (     n d  F v  D o    R T    )     1 2     



(20)







The diffusion coefficient, Do, is calculated to be 1.16 × 10−6 cm2·s−1 from the slope of id vs. v1/2. Using Nicholson’s method [61], one calculates the rate constant (k0) of electron transfer to be (1.15 ± 0.15) × 10−3 cm·s−1 (Table S1). Herein, before water oxidation, the catalyst undergoes oxidation to various other high oxidation states and finally the O=RuIV–RuIV=O species is formed (see below), which acts as the active intermediate in the OER. However, other oxidation states can only be seen in cyclic voltammetry with large catalytic currents in the presence of bicarbonate/carbonate.



It is assumed that in the first step in neutral medium [RuIIRuIII(µ-CO3)4(OH)]4− undergoes one electron oxidation and simultaneously coordinates one OH− to the open axial position of the other RuIII ion to form [RuIIIRuIII(µ-CO3)4(OH)2]4−, (Equation (21)).


[RuIIRuIII(µ-CO3)4(OH)]4− + H2O → [RuIIIRuIII(µ-CO3)4(OH)2]4− + H+ + e− (pH 7.0)



(21)







This is manifested by the pH dependence of the anodic peak potential (Epa). The Epa shifts cathodically with the increase in pH with a slope of −50 mV·pH−1 (Figure 3 and Figure S4). The increase in current is due to a contribution from the next step. Further, the water oxidation peak potential also shifts linearly with the pH of the medium (Figure 4 and Figure S5). Thus, protons are involved in the rate determining step of the water oxidation.




2.2. Catalytic Water Oxidation in Bicarbonate/Carbonate Medium


The complex was dissolved in 0.10 M NaHCO3 and then cyclic voltammetric measurements were performed at pH 8.3. The cyclic voltammograms of the complex in the presence and absence of NaHCO3 are compared in Figure 5. Unlike the neutral medium (where only one prominent redox process is observed before the catalytic process), in the presence of bicarbonate, three redox processes before the catalytic water oxidation can be clearly seen. To further study the processes before the catalytic process, a square wave voltammogram was recorded (Figure 6). Interestingly four electrochemical processes are observed: (a) 1st peak due to the redox couple RuIIIRuIII/RuIIIRuII involving one electron at an Epa of 0.86 V vs. NHE, (b) 2nd peak due to the redox couple RuIVRuIII/RuIIIRuIII involving one electron oxidation at 1.18 V, (c) 3rd peak due to the redox couple RuIVRuIV/RuIVRuIII involving one electron oxidation at 1.35 V (little bit of large current probably due to a contribution from the next step), and (d) large current due to oxidation of HCO3−/water at potential ≥ 1.5 V vs. NHE. Next, we shall discuss each step and the mechanisms involved in the process.



2.2.1. The First Wave, RuIIIRuIII/RuIIIRuII Redox Couple


The first quasi-reversible oxidation is observed at 0.86 V and is attributed to the oxidation of [RuIIRuIII(µ-CO3)4(OH)]4− to [RuIIIRuIII(µ-CO3)4(OH)2]4−. In the alkaline medium, the current of the 1st oxidation peak seems to increase, this increase is due to the overlap with the next electrochemical process (Figure S6). The 1st step is a one electron process (RuIIRuIII → RuIIIRuIII). It is important to note that in neutral medium, [RuIIRuIII(µ-CO3)4(OH)]4− undergoes one electron oxidation to form [RuIIIRuIII(µ-CO3)4(OH)2]4− (Equation (21)). The redox potential of the couple, RuIIIRuIII/RuIIIRuII, decreases consistently with increasing pH (Figure 7 and Figure S7).



The slope of the plot of Epa of RuIIIRuIII/RuIIIRuII vs. pH is −71 mV·pH−1, which is consistent with Equation (21). It should be noted that the increase in the pH also increases the ratio [CO32−]/[HCO3−]. The scan rate dependence of the first two redox peaks are shown in Figure S8. Diffusion coefficient (Do = 0.51 × 10−6 cm2 s−1) decreases in bicarbonate medium. Further, to check the effect of bicarbonate concentration on the first redox wave, the CVs of the first redox wave were recorded in various bicarbonate concentrations. However, no significant change in the peak potential/current was found (Figure S9). This is because bicarbonate replaces the hydroxide ion after the redox process and is not involved in the electron transfer step.




2.2.2. The Second Wave, RuIVRuIII/RuIIIRuIII Redox Couple


The second wave is observed at an E1/2 of 0.97 V vs. NHE and is attributed to the oxidation of [RuIIIRuIII(µ-CO3)4(OH)2]4− to [RuIVRuIII(µ-CO3)4(OH)(CO3)]4− (Equation (22)) with the simultaneous release of one proton, i.e., a PCET process is taking place. The proposal that when the Ru center is oxidized to the +4 oxidation state the axial OH− is replaced by a carbonate ligand is based on the DFT calculations, see below. The involvement of one electron is based on the comparison of the peak current


[RuIIIRuIII(µ-CO3)4(OH)2]4− + HCO3− → RuIVRuIII(µ-CO3)4(OH)(CO3)]4− + H2O + e−



(22)




with K4[Fe(CN)6] under identical conditions (Figure S6). The peak current for the second wave is 7.6 µA, which is comparable to the current (7.1 µA) of FeIII/II couple in ferrocyanide. The pH dependence (Figure S7) of the peak potential confirms the PCET process. However, the slope of the peak potential (Epa) of the [RuIVRuIII(µ-CO3)4(OH)(CO3)]4−/[RuIIIRuIII(µ-CO3)4(OH)2]4− is only −18 mV·pH−1 (Figure 8) against the theoretical value of −59 mV·pH−1. However, the partial overlap with the third electrochemical process (Figure S7), which increases with the pH, might cause this. This peak is quasi-reversible (ΔEp = 124 mV), and the reduction peak can be seen in the reverse scan.




2.2.3. The Third Wave, RuIVRuIV/RuIVRuIII Redox Couple


The third peak is observed at 1.35 V and is due to a proton coupled one electron oxidation of [RuIVRuIII(µ-CO3)4(OH)(CO3)]4− to [RuIVRuIV(µ-CO3)4(O)(CO3)]4− (Equation (23)). After the formation of [RuIVRuIV(µ-CO3)4(O)(CO3)]4−, the axial carbonate decomposes to form [RuIVRuIV(µ-CO3)4(O)2]4− (Equation (24)). Equations (23) and (24) are based on the DFT calculations, see below.


[RuIVRuIII(µ-CO3)4(OH)(CO3)]4− → [RuIVRuIV(µ-CO3)4(O)(CO3)]4− + H+ + e−



(23)






[RuIVRuIV(µ-CO3)4(O)(CO3)]4− → [RuIVRuIV(µ-CO3)4(O)2]4− + CO2



(24)







Since the catalytic process starts at this stage, the current measured represents a process involving many electrons. The dependence of Epa of the third process on the pH is plotted in Figure 9. The slope of the line in Figure 9 is −84 mV·pH−1, thus pointing out that this is a PCET process.




2.2.4. The Fourth Wave, Catalytic Oxidation


The catalytic oxidation of water/HCO3− occurs at potentials ≥ 1.5 V and proceeds via reactions (25)–(31) as derived by DFT, see below:



Two site mechanism:


[RuIVRuIV(µ-CO3)4(O)2]4− + 2H2O → [RuIIIRuIII(µ-CO3)4(OOH)2]4− + 2H+ + 2e−



(25)






[RuIIIRuIII(µ-CO3)4(OOH)2]4− → [RuIVRuIV(µ-CO3)4(OO)2]4− + 2H+ + 2e−



(26)






[RuIVRuIV(µ-CO3)4(OO)2]4− + H2O → [RuIIIRuII(µ-CO3)4(OH)]4− + 2O2 + H+ + e−



(27)







Single site mechanism:


[RuIVRuIV(µ-CO3)4(O)(CO3)]4− + H2O → [RuIVRuII(µ-CO3)4(O)]4− + HCO4− + H+



(28)






[RuIVRuII(µ-CO3)4(O)]4− + H2O → [RuIIIRuII(µ-CO3)4(OOH)]4− + H+ + e−



(29)






[RuIIIRuII(µ-CO3)4(OOH)]4− → [RuIVRuII(µ-CO3)4(OO)]4− + H+ + e−



(30)






[RuIVRuII(µ-CO3)4(OO)]4− + H2O → [RuIIIRuII(µ-CO3)4(OH)]4− + O2 + H+ + e−



(31)







The catalytic process is homogeneous as the catalytic peak current increases linearly with the catalyst concentration (Figure 10 and Figure S10).



The catalytic peak/plateau current also depends linearly on [HCO3−] (Figure 11 and Figure S11).



Involvement of protons in the catalytic process is demonstrated from the cathodic shift of the onset peak potential (Epo) with the increase in pH with a slope of −48 mV·pH−1 (Figure 12 and Figure S12). Discussing the first oxidation step in the presence of bicarbonate, it was suggested that after one electron oxidation, the species formed is [RuIIIRuIII(µ-CO3)4(OH)2]4− (Equation (22)). The redox behavior in the region 0 to 1.1 to −0.9 V (Figure S13) was studied where in the reverse scan three reduction peaks at 0.40, 0.10, and −0.55 V vs. NHE are observed due to the following processes (Equations (32)–(34)). On the other hand, in the same solution, when an identical scan is performed in the region 0 to −0.9, only one prominent reversible reduction peak is observed at −0.75 V vs. NHE (Figure S14) that is due to the reduction of [RuIIIRuII(µ-CO3)4(OH)]4− to [RuIIRuII(µ-CO3)4]6−. The other peaks are not observed, hence when the scan is first performed up to 1.1 V, then the first hydroxide gets coordinated on the oxidized species and the reduction peaks of various species can be seen. It is important to note that all the processes observed are diffusion controlled and no heterogeneous processes are taking place (Figures S15–S17). The last reduction peak is further studied (Figure S18) and the diffusion coefficient, DR is found to be 2.64 × 10−6 cm2·s−1 and the rate constant of electron transfer, k0 to be (3.12 ± 0.30) × 10−3 cm s−1 (Table S2).


[RuIVRuIII(µ-CO3)4(OH)(CO3)]4− + H2O + e− → [RuIIIRuIII(µ-CO3)4(OH)2]4− + HCO3−



(32)






[RuIIIRuIII(µ-CO3)4(OH)2]4− + e− → [RuIIIRuII(µ-CO3)4(OH)]4− + OH−



(33)






[RuIIIRuII(µ-CO3)4(OH)]4− + e− → [RuIIRuII(µ-CO3)4]6− + OH−



(34)







In the absorption spectra of the [RuIIIRuII(µ-CO3)4]3− complex, two peaks are observed at λ = 337 nm (ε = 336 dm3·mol−1·cm−1) and 412 nm (ε = 834 dm3·mol−1·cm−1) (Figure S19). The first peak is due to the transition from the b2g to the b1u orbital, i.e., δRu-Ru → δ*Ru-Ru and the second one is attributed to the transition from b2g to a1g and a2u, i.e., δRu-Ru → σn/σʹn [62]. For better understanding of the electronic transitions, a molecular orbital picture of the metal-metal bonding is given in Figure S20 [60,62]. A very weak signal is observed at ≈700 nm due to the ligand to metal (RuIII) charge transfer transition (MLCT) [63]. However, when the spectrum is recorded in bicarbonate media, no spectral changes are observed. Thus bicarbonate/carbonates are not bound to the axial position of the Ru atoms in this medium. Further, to check the stability of the complex, WOC long term chronoamperometry was performed at 1.6 V to follow the change in the current. Interestingly, the current does not change/decrease even after 15 h of chronoamperometry (Figure S21). However, in the electronic spectrum, the intensity of the peak at 708 nm is increased (Figure S22) after the chronoamperometry. This is because both the metals are present in a higher oxidation state. Moreover, this peak at 708 nm can also be observed after adding H2O2 to a solution of the complex in bicarbonate medium (Figure S23). This indicates the formation of Ru=O species [64]. Further, activity has been checked by recording 250 voltametric scans successively, and no change in the current was observed (Figure S24). The homogeneous nature of the catalysis has been confirmed by taking scanning electron microscope images before and after the chronoamperometry; no significant precipitate formation on the electrode surface has been observed (Figure S25), and in the energy dispersive X-ray analysis (EDAX), no Ru content has been found.



The Tafel plot obtained by plotting the overpotential (η) vs. log(current density) (Figure S26) gives a slope of 229 mV·dec−1. For water oxidation catalysis, this usually falls in the range 40–200 mV·dec−1 [65], and with the heterogeneous catalysts, NiCo2O4−nanosheets [66], the maximum value of 393 mV·dec−1 has also been reported. A large value of the Tafel slope means that the rate determining step is neither electrochemical nor chemical and is affected by the experimental conditions [67].



Some researcher describe this fact as the involvement of non-homogeneity and local defects due to bubble formation [68,69]. However, in neutral solutions containing no bicarbonate, the Tafel slope is 185 mV·dec−1 (Figure S27). The current of an electrocatalytic process is given by Equation (35), where nc is the number of electrons involved in the catalytic process, the area A of the electrode in cm2, [C] is the bulk concentration of the oxidized species in mol·cm−3, DO is the diffusion coefficient of the oxidized species in cm2·s−1, kcat is the catalytic rate constant in s−1, and F is Faraday constant. Thus, in an electrocatalytic process, the catalytic current (ic) is independent of the scan rate [70,71,72,73,74]. The relation of ic/id with the inverse of the square root of the scan rate (Equation (36)) is obtained by dividing the Randles-Sevcik equation (Equation (20)) by Equation (35).


   i c  =    n c  F A  [ C ]     (   k  c a t    D  Co    )     1 2     



(35)






     i c     i d    = 0.359      n  c a t      n d  3 / 2          k  c a t     α v      



(36)




where nd is the number of electrons involved in the diffusion-controlled process, which is 3 here for the RuIVRuIV/RuIIIRuII couple. The scan rate dependent voltammograms are given in Figure S28. The catalytic rate constant, kcat = 1.48 s−1, is obtained from the slope of the plot of ic/id vs. v−1/2 (Figure 13). When the catalysis in neutral medium is considered, the value is 0.10 s−1 (Figures S29 and S30). Closely related values of 1.00 and 2.23 s−1 have been reported by Liobet and co-workers in out/in-[Ru(HL)(trpy)(H2O)]2+ (HL = 1H-pyrazole-3-carboxylic acid, 5-(2-pyridinil)-, ethyl ester). However, there are reports of the ruthenium complex, [Ru(bda)(isoq)2] (H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid; isoq = isoquinoline) [75] where the kcat is 300 s−1.





2.3. Theoretical Analysis of the Mechanism


To track the water oxidation route in the presence of the rigid bimetallic ruthenium [RuIIIRuII(µ-CO3)4]3− (I0) complex and to better understand the plausible nature of the intermediates formed in situ, DFT analysis was performed.



The plausible intermediates formed during the WOC process are schematically shown in Figure 14, and the relevant geometrical parameters are collected in Table 1. In order to validate the reliability of the computational level, the calculation was initiated following the optimization of the complex [RuIIIRuII(µ-CO3)4]3− (I0). Notably, the computed structural features correspond well to the experimental geometric data and support an electronic quartet ground state [59]. Initially, I0 promptly reacts with water to form -OH coordinated I1 species. The high exothermicity (−102.32 kcal/mol) drives the reaction forward. By moving from I0→I1, the Ru–Ru bond is slightly elongated, and the positive partial charges at the Ru centers are reduced (Table 1). The relatively less positive partial charge at the RuIII (ρRu1 = 0.762 e) center compared to RuII (ρRu1 = 0.968 e) is attributed to the charge transfer from the OH− ligand, coordinated to the RuIII. The next step involves a proton-coupled electron transfer (PCET) event to generate I2, that is associated with the simultaneous change in the formal oxidation state from RuII→RuIII. This process comprises a favorable energy change of −17.17 kcal/mol. In I2, the two RuIII centers have an almost equal charge (ρRu1/Ru2 = 0.960/0.923 e) and –OHs are ligated symmetrically with the ruthenium centers (Ru1-O1 = 2.087 Å and Ru2-O2 = 2.038 Å, Table 1). HCO3− participates in the next reaction and coordinates as CO32− to the RuIV center by replacing the OH− ligand with the simultaneous release of a proton and electron. The formation of I3 from I2 is a slightly uphill process (∆G0 = 3.88 kcal/mol, Figure 14) and is easily accessible when the potential is applied. The one-electron oxidation of I3 is coupled with the release of a proton from the OH− ligand, leading to the formation of a RuIV=O species I4 (Figure 14). In I4, the charge discrepancies of the two RuIV centers are due to different extent of charge transfer of the coordinating oxo and CO32− ligands (ρRu1/Ru2 = 1.752/1.969 e). Thereafter, two possible reaction channels can contribute, originating from I4. A single site mechanism, where water is involved in the percarbonate formation reaction and RuIV is reduced to RuII (I5). This finally releases O2 through an exergonic process to re-evolve complex I1 for the next cycle. It is important to note that the partial charges between two RuIV centers in I8 (ρRu1/Ru2 = 1.002/1.002 e) and I10 (ρRu1/Ru2 = 0.788/0.785 e) are symmetrically distributed. The slightly different charge distribution between two RuIII centers is, however, noticed in I9 (ρRu1/Ru2 = 0.394/0.462 e), can be explained by comparing the asymmetrical coordination of the -OOH ligands with the ruthenium centers (Ru1-O1 = 2.043 Å vs. Ru2-O2 = 2.135 Å, Table 1).



Comparing the two different potential pathways, it is clear that the transformation of I4→I5 associated with percarbonate formation is more exothermic (∆G0 = −111.51 kcal/mol) than the alternative CO2 dissociation process (i.e., I4→I8, ∆G0 = −0.61 kcal/mol), which directs the reaction to follow the single-site mechanism. Moreover, frontier molecular orbital analysis of I5 shows that the lowest unoccupied molecular orbital (α-LUMO) has a significant contribution of the RuIV=O π* interaction, in which the weights of the p(O) and dxz(Ru) atomic orbitals are 64% and 23%, respectively (Figure 15). A similar orbital interaction is also noticed for I8. The atomic orbital contributions correspond to the RuIV=O π* interaction is lower in I8 (p(O) = 10% and dxz(Ru) = 36%), indicating a relatively lower propensity towards nucleophilic water attack [72]. These results agree with previous theoretical findings that a single ruthenium center is mainly involved in the water oxidation process [69].



Moreover, to simulate the experimentally observed ultraviolet-visible (UV-Vis) spectra, we performed time dependent DFT (TD-DFT) calculations. Our results calculated [RuIIIRuIII(µ-CO3)4(OH)2]4− (I1) species revealed a characteristic peak at 426.9 nm that closely approximates the experimentally observed peak at 412 nm.





3. Materials and Methods


The Synthesis of Na3[Ru2(µ-CO3)4], details of the materials used and their sources, the instrumental specification, measurements, and the pretreatment/polishing of the glassy-carbon (GC) electrode (ALS the electrochemical company, Tokyo, Japan) are outlined in the Supplementary Material. The methods for the calculation of diffusion coefficients and electron transfer rate constants are also given in the Supplementary Material.



3.1. Electrochemistry Methods


The electrochemical results were obtained with an EmStat3 instrument (PalmSens, Compact Electrochemical Interfaces, Randhoeve 221, 3995 GA Houten, The Netherlands). The experiments were carried out using a three-electrode setup; glassy-carbon working electrode, diameter 3.0 mm, Ag/AgCl reference electrode, and a Pt counter electrode under N2 atmosphere. Three electrochemical methods: Cyclic voltammetry, square wave voltammetry, and chrono-amperometry were used. All potentials given in this paper, if not specifically stated, are vs. normal hydrogen electrode (NHE) using the conversion: ENHE = EAg/AgCl + 0.198.




3.2. Computational Details


A hybrid functional, Becke’s three-parameter Lee-Yang-Parr (B3LYP) [76,77], was used for geometry optimization using the density functional theory (DFT) method implemented in the Gaussian16 [78] quantum chemistry software (C.01). The Pople’s basis set 6-311+G(d,p) is utilized for all the non-metal atoms, whereas the well-established Stuttgart/Dresden (SDD) basis set with the effective core potential (ECP) was exploited for Ru. In addition, the dispersion effect was imposed using the Grimme D3 correction [79] with Becke-Johnson damping (BJ) during geometry minimization. The vibration frequency analyses were performed at the same theoretical level to ensure the real minima (Nimg = 0) and to obtain the thermodynamic energy corrections. The hydration effect was considered by a self-consistent reaction field (SCRF) approach using Truhler’s SMD model [80] with default parameters for water. In solution, most of the species were defined by 1 (M) standard state, and 55.5 (M) was considered for water. Therefore, for other concentrations (C), additional corrections were made according to the following equation: RTIn(C). The exact calculation of a proton free energy in solution is not straight forward, and thus, we adopted a value of −272.20 kcal mol−1. Natural bond orbital (NBO) analysis implemented in Gaussian16 is used to calculate partial charges and Wiberg indices, which are a measure of bond orders. In order to compare the excitation energies obtained from the experimental UV–vis spectra, TD-DFT calculation was performed utilizing long-range corrected hybrid CAM-B3LYP functional [81]. The 3D images of the optimized structures were captured using CYLview20 visualization software. Unless explicitly stated, all reported energies are the Gibbs free energies in kcal mol−1.





4. Conclusions


The results point out that Na3[RuIIIRuII(µ-CO3)4] acts as an efficient water oxidation catalyst in neutral medium and in the presence of bicarbonate/carbonate. In neutral solutions, the first oxidation peak can be seen, but the other intermediate oxidation steps are not seen before the electrocatalytic water oxidation step. On the other hand, in the bicarbonate medium before water oxidation the formation of other intermediate species are observed in cyclic voltammetry. It is found that all the electrochemical processes involved are proton coupled electron transfers (PCET). The catalytic peak/plateau current depends linearly on the catalyst and on the bicarbonate concentrations. Thus, it is clear that bicarbonate is involved in the process of oxidation. Furthermore, after the formation of [RuIVRuIII(µ-CO3)4(OH)(CO3)]2− by three electron oxidations when the reverse scan is performed, all the other steps can be seen in the presence of bicarbonate, which cannot be observed in the absence of bicarbonate. This catalyst has the advantage that it contains no organic ligand and is therefore stable during the catalytic cycles.
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Figure 1. Cyclic voltammograms of a solution containing 0.20 M NaClO4 (pH 7.0) in the presence and absence of 1.0 mM Na3[Ru2(µ-CO3)4] at a scan rate of 50 mV·s−1 under N2 atmosphere. 
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Figure 2. A plot of the anodic peak current (id) of the RuIIIRuIII/RuIIIRuII peak vs. the square root of the scan rate. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] and 0.20 M NaClO4 (pH 7.0) under N2 atmosphere. 
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Figure 3. A plot of the anodic peak potential (Epa) of the first redox couple vs. the pH of the medium. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] and 0.20 M NaClO4 aqueous solutions at different pHs with a scan rate of 50 mV·s−1 under N2 atmosphere. 
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Figure 4. A plot of the water oxidation peak/plateau potential vs. the pH of the medium. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] and 0.20 M NaClO4 aqueous solutions at different pHs with a scan rate of 50 mV·s−1 under N2 atmosphere. 
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Figure 5. Cyclic voltammograms of a solution containing 1.0 mM Na3[Ru2(µ-CO3)4] in the presence of 0.10 M NaHCO3 (pH 8.3, blue line) and 0.20 M NaClO4 (pH 7.0, black line) scan rate, 50 mV s−1 under N2 atmosphere. 
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Figure 6. Square wave voltammogram of a solution containing 1.0 mM Na3[Ru2(µ-CO3)4] in the presence of 0.10 M NaHCO3, pH 8.3, under N2 atmosphere. Instrumental settings: Amplitude, 0.010 V; frequency, 15.0 Hz. 
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Figure 7. The cyclic voltammograms of the redox wave are recorded in various bicarbonate concentrations. However, no significant change in the peak potential/current was found (Figure S9). This is because bicarbonate replaces the hydroxide ion after the redox process and is not involved in the electron transfer step. 
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Figure 8. A plot of the anodic peak potential (Epa) of the RuIVRuIII/RuIIIRuIII redox couple vs. the pH of the medium. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] and 0.10 M NaHCO3 aqueous solutions at different pHs with a scan rate of 50 mV·s−1 under N2 atmosphere. 
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Figure 9. A plot of the anodic peak potential (Epa) of the RuIVRuIV/RuIVRuIII redox couple vs. the pH of the medium. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] and 0.10 M NaHCO3 aqueous solutions at different pHs with a scan rate of 50 mV·s−1 under N2 atmosphere. 
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Figure 10. A linear increase of the catalytic peak current at 1.55 V vs. [Na3[Ru2(µ-CO3)4]]. The voltammograms are recorded in 0.10 M NaHCO3 (pH 8.3) under N2 atmosphere with a scan rate of 50 mV·s−1. 
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Figure 11. A plot of the catalytic peak/plateau current at 1.55 V vs. [NaHCO3]. The voltammograms are recorded in 1.0 mM Na3[Ru2(µ-CO3)4] with increasing concentrations of NaHCO3 (pH 8.3) at a scan rate of 50 mV·s−1. 
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Figure 12. Variation of the catalytic water oxidation potential with pH. The voltammograms are recorded in solutions containing 1.0 mM Na3[Ru2(µ-CO3)4] in 0.10 M NaHCO3 at various pHs under N2 atmosphere, scan rate 50 mV·s−1. The onset potential is taken at a current of 400 µA. 
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Figure 13. A plot of ic/id vs. v−1/2 for a solution containing 1.0 mM Na3[Ru2(µ-CO3)4] in 0.10 M NaHCO3 (pH—8.3). The ic is taken at 1.56 V. 
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Figure 14. Schematic mechanism of the electrocatalytic water oxidation in the presence of [RuIIIRuII(µ-CO3)4]3− (I0). The free energies of the reactions are highlighted in yellow (ΔG, kcal/mol). The grey part represents the double site mechanism and the black one the single site mechanism. 
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Figure 15. LUMO representations for the species [RuIVRuII(µ-CO3)4(O)]4− (I5) and [RuIVRuIV(µ-CO3)4(O)2]4− (I8). 
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Table 1. Electronic and structural data for species involved in the water oxidation catalysts (WOC) mechanism.
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	Species
	Configuration
	Spin
	q a
	d bRu1-Ru2
	d cRu1-O1/Ru2-O2
	ρ dRu1/Ru2





	I0
	RuII-RuIII

d6-d5
	3/2
	−3
	2.235(2.260) e
	-
	1.052/1.074



	I1
	RuII-RuIII

d6-d5
	3/2
	−4
	2.334
	-/2.070
	0.968/0.762



	I2
	RuIII-RuIII

d5-d5
	1
	−4
	2.318
	2.087/2.038
	0.960/0.923



	I3
	RuIII-RuIV

d5-d4
	1/2
	−4
	2.458
	2.059/1.928
	1.160/1.058



	I4
	RuIV-RuIV

d4-d4
	0
	−4
	2.458
	1.752/1.969
	1.084/0.991



	I5
	RuIV-RuII

d4-d6
	1
	−4
	2.422
	1.850/-
	0.839/1.027



	I6
	RuIII-RuII

d5-d6
	3/2
	−4
	2.303
	2.023/-
	0.712/0.979



	I7
	RuIV-RuII

d4-d6
	1
	−4
	2.347
	2.094/-
	0.731/1.128



	I8
	RuIV-RuIV

d4-d4
	0
	−4
	2.444
	1.769/1.769
	1.002/1.002



	I9
	RuIII-RuIII

d5-d5
	1
	−4
	2.342
	2.043/2.135
	0.394/0.462



	I10
	RuIV-RuIV

d4-d4
	0
	−4
	2.523
	2.080/2.080
	0.788/0.785







a Overall system charge. b Ru1-Ru2 bond distances in Å. c Ruthenium-oxygen (ligands coordinating during WOC process). d Partial natural bond orbital (NBO) charges. e Value in parenthesis correspond to X-ray bond distance.
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