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The use of hydrogen (H2) as a clean energy carrier to replace fossil fuels is a promising approach in the context of sustainability. [START_REF] Shaner | A comparative technoeconomic analysis of renewable hydrogen production using solar energy[END_REF] It is expected to reduce the carbon footprint in view to help mitigating climate change and minimizing geopolitical issues derived from petrol access. As such the green production of H2 and O2 from water, better known as water splitting, is a major research area of interest that have already led to relevant breakthroughs by means of different catalytic technologies. [START_REF] Wang | The intensification technologies to water electrolysis for hydrogen production -A review[END_REF] However, there is room for improvement to develop catalysts under mild conditions with high efficiencies. [START_REF] Zhou | Electrocatalytic hydrogen evolution under neutral pH conditions: current understandings, recent advances, and future prospects[END_REF] The overall water splitting transformation is derived from two half reactions namely the ORR (oxygen reduction reaction) and the HER (hydrogen evolution reaction). [START_REF] Mccrory | Benchmarking hydrogen evolving reaction and oxygen evolving reaction electrocatalysts for solar water splitting devices[END_REF] In the case of the HER, considerable efforts have been devoted to design catalytic systems inspired from the Nature's hydrogenases family, which operate under ambient conditions leading to high levels of hydrogen production. [START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF] Their active site is constituted by Fe, Ni or Co sites, thereby demonstrating that first-row transition metal species can compete and even outperform catalysts derived from late transition metals. [START_REF] Eckenhoff | Cobalt complexes as artificial hydrogenases for the reductive side of water splitting[END_REF] Importantly, the development of catalysts derived from first-row transition metal complexes is highly attractive due to their natural abundance and low toxicity. [START_REF] Queyriaux | Recent developments in hydrogen evolving molecular cobalt(II)-polypyridyl catalysts[END_REF] In this context, many well-defined coordination complexes based on first row transition metals have been designed and successfully evaluated in the HER. 8 Most of them operate under acidic conditions using organic solvents in order to study their performance as a proof-of-concept. 8 On the other hand, such conditions are rather corrosive and significantly differ from those expected for a practical implementation. Although, electrocatalysts able to reduce protons into H2 under neutral conditions in water exist, they are mostly based on ionic molecular catalysts 9 or purely heterogeneous systems including nanoparticles and polymers. 10 Herein, we present an approach based on the immobilization of a well-defined, non-ionic dinuclear cobalt complex that turns out to be electrocatalytically active for the production for HER in water at pH 7. The immobilization technique, which relies on sonochemical adsorption of the metal complexes on multi-wall carbon nanotubes (CNTs)/carbon paper (CP) modified-electrode, has already been successfully applied for CO2 reduction to CO for discrete, monomeric ironbased porphyrins. 11 To the best of our knowledge, this is the first example of a discrete, dinuclear and non-ionic system operating in neutral water for H2 production. Based on previous contributions by Holland and Eisenber dealing with ionic cobalt dithiolene complexes, 12 we anticipated that the dithiolene framework might be an ideal platform for chelating cobalt ions to form a potentially active electrocatalyst for HER. In addition, we reasoned that aliphatic chains located in the periphery of the cobalt complex may favor its adsorption on carbon nanostructures as well as to prevent its dissolution in polar aqueous electrolytic media. [START_REF] Chen | An Efficient and Stable Hydrophobic Molecular Cobalt Catalyst for Water Electro-oxidation at Neutral pH[END_REF] Aliphatic chains were also reported to limit catalyst aggregation on the electrode surface that can obstruct mass transport and inhibit the catalytic activity. [START_REF] Choi | Steric Modification of a Cobalt Phthalocyanine/Graphene Catalyst To Give Enhanced and Stable Electrochemical CO2 Reduction to CO[END_REF] Consequently, cobalt complex 1 with hexyl chains was synthesized and isolated as a deep-green solid in a three-step reaction sequence starting from readily available starting materials (Scheme 1, SI). 15 Single crystals of 1 suitable for X-ray analysis were obtained by slow evaporation of a dichloromethane solution (Figure 1). 15 The cobalt complex 1 crystallized into welldefined, dimeric species inside the unit cell, with the inversion center exactly in the middle between the two cobalt atoms. The two cobalt centers form a dimer through two short sulfur-cobalt bonds formed between two monomeric units. In fact, one sulfur atom from one dithiolene ligand forms a bond with the cobalt atom from the other complex, leading to the formation of a cluster-like Co-S-Co-S rectangular motif (Figure 1). Such observation is reminiscent of that observed in the family of the hydrogenase enzymes, in which dithiols (S2 2-) groups are bridging the two active metals, typically [FeFe] and [FeNi]. [START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF] More precisely, the apical S3-Co bond length is 2.3638(8) Å and the Co-Co bond length is 2.7739( 5) Å (Figure 1). The sulfur-cobalt distance is shorter than the sum of the van der Walls radius (S: 1.80 Å, Co: 1.25 Å), meaning that an effective Co-S bond is formed within the dimer. The Co-S3 linkages holding the monomeric units together (2.3638(8) Å) are longer than the Co-S bond distances in the CoS2C2 chelate rings (2.15-2.19 Å). Such neutral dimeric motifs with dithiobenzil cobalt-bis(dithiolene) complexes are known but have never been reported with dithiolene ligands carrying long aliphatic carbon chains. 16 In the crystal structure, the dimeric species are stacked along the a axis to form columns separated one from another by the carbon chains (Figure S2) and there is no interaction between the central dithiolene complexes in the bc plane. 15 The distance between the dimeric cores along the a axis is 7.82 Å. The central C-C bond and the C-S bonds on the dithiolene ligands are close (C1-C2 = 1.4057(44) and C3-C4 = 1.3775(43) Å; C1-S1 = 1.7018(31), C2-S2 =1.7061(26), C3-S3 =1.7373(32) and C4-S4 =1.7093(28) Å), indicating that both ligands are in the same oxidation state. These distances, which are intermediate to those observed in the ene-1,2-dithiolate (C-S = 1.75 and C-C = 1.36 Å) and -dithione forms (C-S = 1.66 and C-C = 1.44 Å), confirm the presence of monoanionic -radical ligands on the cobalt complex. 17 Thus, the formation of this diamagnetic dimeric complex can be viewed as two antiferromagnetically coupled paramagnetic Co(II) complexes each having two monoanionic -radical ligands. Differential scanning calorimetry and polarized optical microscopy analyses have revealed that the dimeric cobalt complex carrying hexyl carbon chains is deprived of mesomorphic properties and only a single melting point was measured at 139.5 °C (Figure S3). 15 The UV-Vis spectrum of complex 1 in DMF featured a strong absorption at 745 nm (ε = 6590 L•mol -1 •cm -1 ) (Figure S4). 15 This absorption band in the near-IR region above 600 nm and can be assigned to a ligand-to-ligand charge transfers from a monoanionic -radical dithiolene. [START_REF] Ray | Redox-Noninnocence of the S,S'-Coordinated Ligands in Bis(benzene-1,2-dithiolato)iron Complexes[END_REF] The presence of S-,S'-coordinated radical monoanions are also readily confirmed in the solid-state IR spectra with the (C=S) stretching frequency at 1112 cm -1 (Figure S5). 15,[START_REF] Ray | Redox-Noninnocence of the S,S'-Coordinated Ligands in Bis(benzene-1,2-dithiolato)iron Complexes[END_REF] Interestingly, the solid-state UV-Vis spectrum recorded on the crystalline compound strongly resemble the one recorded in DMF solution with a broad absorption band centered at 774 nm (Figure S6), suggesting that the apolar dimeric cobalt species remains intact in polar solvent such as DMF. The preservation of the dimeric species in DMF was further confirmed by EPR spectroscopy (Figure S7). The lack of EPR signal is consistent with the presence of a diamagnetic dimeric complex in DMF because the dissociated monomeric species with an odd number of unpaired electrons should have an EPR signal. The electrochemical behavior of 1 was investigated by cyclic voltammetry (CV) in DMF with 0.1 M [Bu4N]PF6 as supporting electrolyte (Figure S8). 15 As shown before for other dimeric cobalt dithiolene complexes, 19 complex 1 features three expected one-electron reduction events: one reversible at 0.15 V vs NHE corresponding to the reduction of the dimer 12 to 12 -followed by a second irreversible wave at -0.28 V vs NHE leading to 12 2- (in equilibrium with the monomeric species 1 -) and a last reversible wave at -0.78 V vs NHE corresponding to a one-electron reduction of the monomeric units affording the monomeric 1 2-. These electrochemical investigations also support the presence of neutral dimeric species in DMF at an open-circuit voltage. Complex 1 being insoluble in water (due to the presence of long carbon chains) allowed us to study the electrocatalytic HER of the cobalt dimer in an aqueous medium under heterogeneous conditions. The immobilization of the catalyst on the surface of a working electrode as part of a heterogeneous electrochemical cell will thus make it possible to perform such experiments in water as both solvent and proton source. A catalytic ink was first prepared following the typical method by sonicating a mixture containing the cobalt catalyst 1 and MWCNTs in DMF. 11a,20 The CNT-1 ink was then dropcasted onto the surface of a 10 × 10 mm carbon paper electrode, and the catalytic performances of the modified electrode were evaluated for proton reduction in an electrochemical cell coupled to a Micro GC for the detection and the quantification of the produced gases (Figure S9). 15 For comparison purposes, the catalytic ink CNT-2 was also prepared from a cobalt(II)-tetraphenylporphyrin ( 2) which is a well-known catalyst for proton reduction and it was used as the reference for this study. [START_REF] Beyene | Electrochemical hydrogen evolution by cobalt (II) porphyrins: Effects of ligand modification on catalytic activity, efficiency and overpotential[END_REF] Linear sweep voltammetry (LSV) experiments were conducted with pure CNT, CNT-1 and CNT-2 in Ar-saturated 1 M and pH 7 potassium phosphate buffer with a scanning rate of 0.1 V s -1 (Figure 2). For potentials below -0.4 V vs RHE, [START_REF]Heterogeneous Molecular Catalysis of Electrochemical Reactions: Volcano Plots and Catalytic Tafel Plots[END_REF] CNT-1 showed an increase of current density that corresponds to water reduction to hydrogen. Notably, CNT-1 showed a higher current density for water reduction than that of CNT-2 or pure CNT (Figure 2). The onset potential of water reduction for CNT-1 was -0.33 V vs RHE, [START_REF]Heterogeneous Molecular Catalysis of Electrochemical Reactions: Volcano Plots and Catalytic Tafel Plots[END_REF] which is anodically shifted by 90 mV compare to CNT-2 (-0.42 V vs RHE). [START_REF]Heterogeneous Molecular Catalysis of Electrochemical Reactions: Volcano Plots and Catalytic Tafel Plots[END_REF] To extract the rate-determining step for proton reduction, the Tafel slope has been represented in Figure 3 (Table S1). 15 Rather similar reaction rates are observed for both CNT-1 and CNT-2 with Tafel slopes of 177 and 238 mV dec -1 respectively. 23 These Tafel slopes were close to the theoretical value of the Volmer step, thereby suggesting that, in contrast with systems operating under a purely homogeneous regime with similar cobalt-dithiolene complexes, [START_REF] Letko | Mechanism of the Electrocatalytic Reduction of Protons with Diaryldithiolene Cobalt Complexes[END_REF] a concerted proton-electron transfer (CPET) could be the rate-determining step for the HER catalyzed by CNT-1 in heterogeneous conditions. [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF] Figure 2 LSV of CNT-1 (blue), CNT-2 (red) and pure CNT (black) in Arsaturated 1 M pH 7 potassium phosphate buffer, scan rate 0.1 V s -1 . Figure 4 Charge accumulation with controlled potential catalysis of CNT-1 (blue), CNT-2 (red) and pure CNT (black) in Ar-saturated 1 M pH 7 phosphate buffer at -0.6 V vs RHE (± 7% error in the measurements). [START_REF] Beyene | Electrochemical hydrogen evolution by cobalt (II) porphyrins: Effects of ligand modification on catalytic activity, efficiency and overpotential[END_REF] All electrodes had the same deposited cobalt concentration on surface (52 nmol cm - 2 ). The long-term stabilities and robustness of the catalysts were also investigated over 16 hours at -0.6 V vs RHE. [START_REF]Heterogeneous Molecular Catalysis of Electrochemical Reactions: Volcano Plots and Catalytic Tafel Plots[END_REF] All the catalysts show constant increase of the charge accumulation over the time without any sign of fatigue (Figure 4). A control experiment using a modified electrode containing only CNT displayed a significantly low charge accumulation. CNT-1 exhibited a much better charge accumulation proving that cobalt complex act as a catalyst in the hydrogen production. Importantly, the charge accumulation is much higher with CNT-1 compared to CNT-2, indicating a better catalytic activity. GC gas products analysis results indicated that both CNT-1 and CNT-2 featured 100% faradic efficiency for H2 generation. Additionally, the turnover number (TON) found for CNT-1 after 16 hours electrolysis was 50980 while CNT-2 featured a lower value (TON = 26900). [START_REF]TON = mol H2 produced after 16 hours / mol catalyst deposited[END_REF] Even after the 16-hours electrolysis, the CNT-1 modified electrode maintains its high activity and selectivity and can be recycled multiple times by just replacing the electrolyte (Figure 5). To further evaluate the stability of our modified electrodes, we also performed galvanostatic electrolysis experiments at a fixed current density (-6.9 mV.cm -2 ) close to that observed in the optimized potentiostatic electrolysis experiments (Figure S10). In the case of CNT-1, an average observed potential of -0.533 V vs RHE can be maintained for more than 10 h. However, as expected from the potentiostatic experiment results, when the same current density is applied to CNT-2, a higher average potential of -0.646 V vs RHE can be measured. Interestingly, unlike for CNT-1, the Co-porphyrin (CNT-2) modified electrode shows a sudden decrease in the measured potential after 6 h of electrolysis indicating that the Co-porphyrin based catalyst CNT-2 is less stable than the CNT-1 electrode and it likely undergoes significant chemical modifications in these galvanostatic conditions. The stability of the modified electrode was also evaluated by Xray photoelectron spectroscopy (XPS) spectra performed on the CNT-1/CP electrode before and after electrolysis (Figure 6). The XPS survey displays similar peaks for C 1s, Co 2p, S 2s and S 2p before and after electrolysis indicating that the electrolysis does not induce a major change in the catalyst structure (Figure 6a). The extra peaks appear after electrolysis for K 2s, P 2s and P 2p correspond to the use of the potassium phosphate buffer-based electrolyte. It is worth nothing that a small modification in the high-resolution Co 2p spectrum can be observed after electrolysis (Figure S11). This modification can be attributed to a valence change during the electrolysis indicating the involvement of the Co center in the catalysis. Further evidence for the good stability of the catalyst comes from Fouriertransform infrared spectroscopy (FTIR) analysis, corroborating that the catalyst does not undergo significant structural changes during the electrolysis (Figure 6b). Knowing that the working electrode of CNT-1 and CNT-2 have the same deposited cobalt metal quantity on surface (52 nmol cm -2 ), we wondered whether a different electro-ative cobalt metal concentration was responsible for the enhanced activity encountered in CNT-1 versus CNT-2. For that, the electroactive cobalt concentration (Co) was calculated by recording the reversible Co II / I redox wave at different scan rate and using the following equation: 26For values below 0.1 V s -1 , the catalytic current is dependent on the scan rate and the ip value shows a linear response with respect to the scan rate. According to the data displayed in Figure 7, on the surface of the working electrodes, the electro-active concentration of CNT-1 is Co = 12.1 nmol cm -2 , corresponding to 23 % of the total amount of Co deposited on the electrode. This value is ca. 4 times higher than that corresponding to the electro-active concentration of Co centers in CNT-2 (Co = 3.4 nmol cm -2 , 6.5%). When considering only electro-active Co sites to determine turnover number (eTON), CNT-2 displays a higher value (eTON = 411 411) than that of CNT-1 (eTON = 219 087). These results show that even though catalyst CNT-2 has a higher reaction rate, at the same cobalt centers loading, CNT-1 based electrode displays a higher hydrogen production (TON = 50980) compared to CNT-2 modified electrode (TON = 26900). This indicate clearly that the higher hydrogen production in the case of CNT-1 can be manly attributed to the enhanced active sites accessibility induced by the peripheral aliphatic chains during the immobilization process. In conclusion, we have reported on the beneficial role of adsorbing a dinuclear cobalt complex into MWCNT/CP electrode for hydrogen evolution under aqueous conditions at pH 7. The electrocatalytic system CNT-1 features high activity, selectivity and robustness. The cluster-like [Co2S2] moiety within 1, that resembles the active site encountered for Fe and Ni hydrogenases in Nature, together with the peripheral aliphatic chains are responsible for increasing the electro-active cobalt concentration in the electrode which directly translates into enhanced TON values (>50,000) when compared to a benchmark, mononuclear cobalt tetraphenylporphyrin catalyst (2). In addition, a single electron transfer to water is identified as the rate-determining step in the case of 1 in stark contrast to systems operating under a purely homogeneous regime with similar cobalt-dithiolene complexes. [START_REF] Letko | Mechanism of the Electrocatalytic Reduction of Protons with Diaryldithiolene Cobalt Complexes[END_REF] The present contribution provides fundamentals to further develop sustainable electrodes modified at will for clean energy production. 27 Further research will be devoted to gain insights associated to the reaction mechanism operating for such dinuclear cobalt species.

Immobilization of a highly apolar dimeric dithiolene cobalt complexes onto multiwall carbon nanotubes (MWCNTs)/carbon paper (CP) electrodes enables efficient electrocatalytic hydrogen production from water at neutral pH.

Scheme 1

 1 Scheme 1 Molecular structure of the cobalt complex 1.

Figure 1

 1 Figure1ORTEP view of the cobalt dimer 1 with thermal ellipsoids at 50 % probability and the main atomic numbering scheme (H atoms have been removed for clarity).

Figure 3

 3 Figure 3 Tafel plots for CNT-1 (blue) and CNT-2 (red) in Ar-saturated 1 M pH 7 phosphate buffer, scan rate 0.1 V s -1 .

Figure 5

 5 Figure 5 Charge accumulation in a controlled potential catalysis of CNT-1

Figure 6

 6 Figure 6 (a) XPS survey, (b) ATR-FTIR spectrum of CNT-1 before (black) and after electrolysis (red)

Figure 7

 7 Figure 7 (a) Cyclic voltammetry of CNT-1 electrode at various scan rate of Co II/I redox wave, (b) ip vs scan rate, (c) cyclic voltammetry of CNT-2 electrode at various scan rate of Co II/I wave, (d) ip vs scan rate under Ar in 1 M potassium phosphate buffer, pH 7, 𝑖 = 𝑛 𝐹 𝑣𝑆𝛤/4𝑅𝑇. 𝛤 𝟏 = 12.1 𝑛𝑚𝑜𝑙 𝑐𝑚 , 𝛤 𝟐 = 3.4 𝑛𝑚𝑜𝑙 𝑐𝑚
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