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ABSTRACT: Group 6 metal carbonyl complexes ([M(bpy)(CO)4], M = Cr, Mo, W) are potentially promising CO2 reduction electrocatalysts. However catalytic activity onsets at prohibitively negative potentials and is highly dependent on the nature of the working electrode. Here we report in-situ vibrational SFG (VSFG) measurements of the electrocatalyst [Mo(bpy)(CO)4] at platinum and gold electrodes. The greatly improved onset potential for electrocatalytic CO2 reduction at gold electrodes is due to the formation of the catalytically active species [Mo(bpy)(CO)3]2- via a 2nd pathway at more positive potentials, likely avoiding the need for the generation of [Mo(bpy)(CO)4]2-. VSFG studies demonstrate that the strength of the interaction between initially generated [Mo(bpy)(CO)4].- and the electrode is critical in enabling the formation of the active catalyst via the low energy pathway. By careful control of electrode material, solvent and electrolyte salt it should therefore be possible to attain levels of activity with group 6 complexes equivalent to their much more widely studied group 7 analogues.
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INTRODUCTION: The electrochemical reduction of carbon dioxide offers a sustainable route to generating useful C1 feedstocks such as carbon monoxide and carbon based fuels. However the direct one electron reduction of CO2 is challenging,1 leading to intense interest into both metal electrodes and transition metal complexes that can facilitate the multi-proton, multi-electron reduction of CO2 at more positive applied potentials.2 Numerous examples of transition metal electrocatalysts exist in the literature for the reduction of CO2 to CO based on groups 7-10, with complexes of Mn, Re, Fe, Ru, Co, Ni and Ir3–14 showing high levels of selectivity towards the production of CO, although in many cases an undesirably large overpotential is required for catalysis to occur at a significant rate. In contrast group 6 transition metal (Cr, Mo, W) complexes have received significantly less attention as potential CO2 reduction catalysts.15 This is perhaps surprising as Mo and W are known to be important metal centres in biological systems for CO2 chemistry such as formate dehydrogenase.16 
Therefore synthetic catalysts based on group 6 metals could represent a potentially fruitful, but under-explored area of research. Of the studies reported,17–21 complexes of the form [M(bpy)(CO)4] are of particular interest, having demonstrated high Faradaic efficiencies for the reduction of CO2 to CO.17 FTIR spectroelectrochemical studies by Clark et al. showed that initial reduction leads to the formation of a ligand based radical [M(bpy)(CO)4].- which can then also undergo a further one electron reduction and CO loss to yield [M(bpy)(CO)3]2-,  the proposed active catalyst for CO2 reduction. Notably [M(bpy)(CO)3]2- is formally isoelectronic with [Mn(bpy)(CO)3]- and [Re(bpy)(CO)3]-, the highly active catalysts generated following the reduction of the widely studied group 7 [M’(bpy)(CO)3X] complexes (M’ = Mn, Re, X = Br-, Cl-).4,6,7 Indeed in this important first study turnover frequencies (TOF) for the group 6 catalysts were found to be ~ 2-4 s-1 on glassy carbon electrodes (GCE), which is similar to the analogous Re complexes in acetonitrile in the absence of an additional proton source.17 However the relatively negative reduction potential of [M(bpy)(CO)4].- (e.g. M = Mo, Ered = -2.14 Vsce) prevents study in the presence of a Brønsted acid, conditions under which the Re and Mn catalysts are most active (e.g. [Re(bpy-tBu)(CO)3(CH3CN)(OTf)] TOF = 570 s-1 in the presence of 1.4 M 2,2,2- Trifluoroethanol7), as direct reduction of the acids takes place. Although calculations indicate that [M(bpy)(CO)3]2- has charge delocalised across both the ligand and metal centre similarly to Re analogues,17 the reduction of [M(bpy)(CO)4].- is primarily bipyridine based. Therefore subsequent studies have focused on the use of alternative bidentate ligands in an attempt to positively shift the reduction potential of [M(bpy)(CO)4].- .19,21
Whilst these synthetic modifications are leading to encouraging results, it is striking that the greatest improvements in onset potential for CO2 reduction have been achieved through simply changing the working electrode material.18  Tory et al., reported that with [M(bpy)(CO)4] and a Au working electrode a ca. + 0.6 V shift in the onset potential for CO2 reduction occurs compared to Pt or GCE. This is an exciting result, with the group 6 catalyst then having an onset potential comparable to some leading Re analogues.22 The exact mechanism of enhanced activity remains unknown however. Using Au the onset in catalysis occurs at potentials close to the first reduction of [Mo(bpy)(CO)4] to [Mo(bpy)(CO)4].- therefore it has been suggested that a small quantity of [Mo(bpy)(CO)3].- can be present in equilibrium with [Mo(bpy)(CO)4].-.18 Supporting this hypothesis are cyclic voltammetry (CV) experiments that show that the oxidation potential of [Mo(bpy)(CO)3]2- occurs at potentials close to that of the initial reduction of [Mo(bpy)(CO)4] making it feasible that any generated [Mo(bpy)(CO)3].- could be reduced at these potentials to form the catalytic active species, [Mo(bpy)(CO)3]2- via this 2nd more facile route. However such surface species have not been observed by FTIR spectroelectrochemical experiments, which are typically dominated by electrochemically generated species in the bulk solution. 
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Figure 1: CV of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1 M TBAPF6 recorded under an Ar (black) and CO2 (red) atmosphere at 200 mV s-1 using either a Pt (top) or Au (bottom) electrode. The solid grey arrows indicate onset potentials for CO2 reduction which occurs at a potential ca. 0.6 V positive on Au compared to Pt.
In contrast to FTIR spectroscopy IR-Vis vibrational sum frequency generation (VSFG) spectroscopy is an intrinsically surface specific vibrational spectroscopy technique allowing the detection of sub-monolayer concentrations of intermediate surface species.23 This provides the opportunity to gain new insights into the chemistry and stability of species at electrode surfaces that are not readily obtainable by conventional methods. The basic theory and applications of VSFG spectroscopy have been reviewed in detail elsewhere.24,25 Briefly, short IR and Visible laser pulses are overlapped spatially and temporally at a sample surface. When the IR laser frequency matches that of a surface molecule’s vibrational mode, the vibrationally polarised molecules can interact with visible light via their electronic polarisability, resulting in the generation of light at the sum of the incident IR and visible frequencies. In most cases, due to interference effects, the light from bulk media is completely extinguished, leaving a weak, but detectable signal from just the interface. The intensity of the VSFG signal is dependent upon the IR and Raman activity/strength of the modes and on their number density and average orientation relative to the surface. An SFG signal from the nonresonant (NR) interaction of both IR and Visible light beams with the interface (via its electronic polarizability) is often also present. VSFG is now beginning to be applied to complex multicomponent systems in a small number of reports. For example, to study the formation of CO2 adducts at silver and platinum electrodes, with measurements of the NR-SFG intensity providing a rationale of the role of an ionic liquid (EMIM-BF4) in controlling the onset potential for catalysis. 26–28 VSFG spectroscopy has also been used to study the orientation of several examples of Mn and Re carbonyl complexes at a range of surfaces including Au and TiO2 although in the absence of an applied potential.29–33 Here we report an in-situ VSFG study on the electrocatalytic reduction of CO2 using [Mo(bpy)(CO)4]. To the best of our knowledge this represents the first in-situ study of a molecular electrocatalyst under potentiostatic control by VSFG spectroscopy. VSFG data recorded during CV experiments provide clear spectroscopic evidence of the nature of the intermediates formed on the electrode surface and report on the nature of the electrode-catalyst interactions with both Au and Pt. Validation of the previously proposed mechanism of enhanced activity18 is an important step for the community, demonstrating that control of the electrode-catalyst interaction offers an alternative route to unlocking the potential of this under-studied class of CO2 reduction catalysts.
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Figure 2: In-situ VSFG spectra of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1 M TBAPF6 recorded under an Ar atmosphere at a polycrystalline Au electrode during a CV measurement (5 mV s-1, -1.44 to -2.83 V, figure S3) averaging for 1 s per spectrum using a IR-Vis delay of 0.45 ps to suppress NR-SFG signals. 

RESULTS AND DISCUSSION: Using polycrystalline Au and Pt electrodes, similar electrochemical behaviour to that previously reported was observed (Figure  1).17,18 Under argon both electrodes give a reversible reduction of [Mo(bpy)(CO)4], with E1/2 -1.93 V (Au) and -1.96 V (Pt) to form [Mo(bpy)(CO)4].- and a subsequent irreversible reduction leading to the formation, at least transiently, of [Mo(bpy)(CO)3]2- at -2.60 V (Au) and -2.76 V (Pt). All potentials are reported vs. Fc/Fc+ (CH3CN).
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Figure 3: Left: Solution phase FTIR (a) and in-situ VSFG spectra (b-g) of [Mo(bpy)(CO)4] (1 mM) at a Au electrode in CH3CN and 0.1 M TBAPF6 under Ar. The FTIR spectrum is recorded at open circuit and the VSFG spectra at the potentials indicated. The intensity of the NR background (dashed line, h) of the cell recorded with 0 ps time-delay between the IR and 800 nm laser pulses provides an approximation of the spectrum of the broadband IR pulse. Spectra (b-g) are recorded with a 0.45 ps delay between the IR and asymmetric 800 nm laser pulses. Centre: pictorial representation of the proposed assignments generated by Lorentzian curves at the frequencies indicated in the text, see figure S4,5 for fittings on which this is based. The assignments at -2.3 and -2.5 V are tentative due to the presence of a complex mixture of species (3) with spectral features at similar positions. The grey SFG peak at ca. 2090 cm-1 is due to CO at the gold electrode, the purple peaks are assigned to [Mo(bpy-H)(CO)4]- (see main text). Right: Scheme showing the proposed mechanisms of formation of key species studied here.


Oxidation of [Mo(bpy)(CO)3]2- occurs at -2.20 and -2.15 V on Au and Pt respectively. Under CO2 a significant current enhancement with both electrode materials indicates that electrocatalytic CO2 reduction occurs. Importantly, in-line with past work, we observe a significantly earlier onset potential for CO2 reduction on Au electrodes (ca. 0.60 V, -2.30 V) when compared to Pt (Figure 1). The GCE (Figure S1) and Pt CVs show similar behaviour and here we use a Pt electrode for comparison to Au as the reflective nature of the material simplifies the SFG experiment. The data shown in figure 1 uses the same electrodes as employed in our spectroelectrochemical cell.
The nature of the gold electrode-complex interactions under potentiostatic control were studied using in-situ SFG spectroscopy of [Mo(bpy)(CO)4], Figure 2. In this work identification of VSFG signals with background-free undistorted lineshapes/centre frequencies is aided by the introduction of a time delay (typically 0.4 to 0.45 ps) between the femtosecond (fs) broad-band IR pulse (500 cm-1) and the fs derived time-asymmetric visible picosecond (ps) pulse to suppress the NR SFG response.34 Notably in figure 2 we observe Lorenztian-shaped VSFG lines showing clear potential dependent changes in the VSFG spectra, with vibrational bands of complexes shifting linearly in frequency with applied potential due to vibrational stark shifting and the formation of new bands at potentials corresponding to expected reduction/oxidations. It is therefore apparent that the experiment is suitably sensitive to observe changes within the electrochemical double layer with minimal data acquisition times (1 s per spectrum). The potential dependence of the ν(CO) bands indicates that they are not arising due to phantom transitions28 which can occur in optically thick samples due to mode specific linear absorption of the IR prior to SFG signal generation. This point is fully discussed in the supporting information (figure S2). We note that in this study, all experiments were conducted with ppp polarisation and that all analysis was based on identifying band frequencies, rather than assessing orientation changes from band intensity changes.    
At potentials prior to the first reduction, all four υ(CO) bands of [Mo(bpy)(CO)4] are distinguishable in the VSFG spectrum (Figure 3b). These are assigned through comparison to the known FTIR spectrum (Figure 3a) : 2015 cm-1 (A12), 1904 cm-1 (B1), 1875 cm-1 (A11) and 1832 cm-1 (B2),35 however the spectrum is dominated by the B1 out-of-phase axial stretching mode which appears at ca. 1905 cm-1 at -1.5 V. Between -1.9 V and -2.1 V the SFG spectra show a decrease in the intensities of the [Mo(bpy)(CO)4] modes concomitant with the growth of new features at ca. 1874 cm-1 and 1808 cm-1 and a weak band at 1850 cm-1 (Figure 3c,d and S4 for multi-lorentzian fitting), which are assigned to the B1, B2 and A11 modes of the singly reduced complex [Mo(bpy)(CO)4].- at the Au electrode by analogy to past FTIR studies, which report υ(CO) at 1991, 1871, 1843, 1805 cm-1 in solution (THF).17,18 At the most negative potentials studied (-2.3 to -2.8 V) SFG signals are observed at 2090, 1870 (br.), 1835, 1790 (br.) and 1735 cm-1, Figure 3e-g and S4 for multi-lorentzian fitting. Both Figure 1 and CV’s recorded during the SFG experiment (Figure S3) indicate that at these potentials [Mo(bpy)(CO)4].- is reduced and the weak features at 1835 and 1735 cm-1 can be readily assigned to the υ(CO) modes of [Mo(bpy)(CO)3]2- at, or close to the Au surface.17,18 Supporting this assignment is the increase in the intensity of the feature at 2090 cm-1 due to linearly bound CO on Au,36 due to ligand loss following reduction of [Mo(bpy)(CO)4].-. A more detailed study on the potential dependent formation of [Mo(bpy)(CO)3]2- is presented in the following sections. 
The strong broad features at 1870 cm-1 and 1790 cm-1 at -2.5 and -2.8 V in figure 3(g) are similar to the frequency the υ(CO) modes of [Mo(bpy)(CO)4].-,  however by -2.8 V we would expect a minimal concentration of this species to be present at the electrode surface based on the CV data recorded in-situ (Figure 1, S3). Tory et al.18 reported the presence of a tetracarbonyl anion with very similar υ(CO) frequencies at 1995, 1874, 1848 and 1807 cm-1 in N-methyl-2-pyrrolidone (NMP) upon the reduction of [Mo(bpy)(CO)4].-, which was assigned to [Mo(bpy-H)(CO)4]-. Similar behavior has also been seen with 2,2’-dipyridylamine derivatives.19 It was proposed that the water in NMP reacted with [Mo(bpy)(CO)3]2- which was then followed by rapid CO re-coordination. The cell design for our spectroelectrochemical studies prevents experiments from being carried out under strict anhydrous conditions. Here we also assign the broad SFG features at 1870 and 1790 cm-1 to a species formed following the interaction of water with [Mo(bpy)(CO)3]2-. Supporting the assignment are studies under CO2 (vide infra).
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Figure 4: Difference VSFG spectra of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1 M TBAPF6 under an Ar atmosphere at the potentials indicated versus a spectrum recorded at -1.5 V using a Au electrode.
To assess the point at which [Mo(bpy)(CO)3]2- is formed at the Au electrode we have replotted the VSFG data recorded at potentials close to the first reduction as difference spectra (versus the spectrum of [Mo(bpy)(CO)4] at -1.5 V), figure 4. This allows for observation of small changes in SFG intensity that might otherwise be masked by the strong modes of [Mo(bpy)(CO)4]. The growth of the υ(CO) modes of [Mo(bpy)(CO)3]2- can now be more clearly observed at 1735 cm-1 and as a shoulder at 1835 cm-1 between -2.3 to -2.8 V. It is therefore apparent that a concentration of the catalytically active [Mo(bpy)(CO)3]2- is formed on the Au electrode surface at least 300 mV anodic of the expected reduction potential as measured by CV, and a small increase in SFG intensity at 1735 cm-1 as early as -2.1 V may also be occurring, figure 4. These surface sensitive SFG studies contrast previous spectroelectrochemical studies which do not show the presence of [Mo(bpy)(CO)3]2- in the bulk solution until the 2nd reduction potential is reached and we confirm the previously hypothesised formation of [Mo(bpy)(CO)3]2- via a 2nd more facile surface mediated pathway.18 This is likely to be the establishment of an equilibrium between [Mo(bpy)(CO)4].- and [Mo(bpy)(CO)3].- at the Au surface, avoiding the need for the generation of the high energy species [Mo(bpy)(CO)4]2-. However direct evidence for the transient formation of [Mo(bpy)(CO)3].- remains elusive, hence the stabilisation of [Mo(bpy)(CO)4]2- by Au cannot be completely ruled out. An additional VSFG feature is observed at ca. 1760 cm-1 between -2.1 and -2.35 V in the difference spectrum, figure 4, however assignment of this single band is not possible as it is in the spectral region where both [Mo(bpy)(CO)4]2- and [Mo(bpy)(CO)3].- are expected to have υ(CO) stretches.17
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Figure 5: (a) In-situ VSFG spectra of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1M TBAPF6 recorded under a CO2 atmosphere at a Au electrode during a CV measurement (5 mV s-1, -1.44 to -2.83 V) averaging for 1 s per spectrum. (b) VSFG spectra of [Mo(bpy)(CO)4] under argon (black) and CO2 (red) at a potential of –2.35 V.
Figure 5 (a) shows VSFG spectra recorded during a CV measurement of [Mo(bpy)(CO)4] under a CO2 atmosphere using an Au working electrode (related CV in Figure S6). At open circuit the spectrum shows the presence of both [Mo(bpy)(CO)4] (1907 cm-1, Fig S7,8) and CO on Au (2115, 1932 cm-1).36,37 Prior to the SFG study being carried out a CV was recorded to check for correct operation of the spectroelectrochemical cell, leading to some CO being present from CO2 reduction. By ca. -1.9 V we see a loss of the 1907 cm-1 feature of [Mo(bpy)(CO)4] and growth of a new band at lower frequency (ca. 1880 cm-1). At <-1.9 V an increase in intensity of the SFG mode of CO at Au (ca. 2080-2100 cm-1) is also observed which is assigned to be due to a combination of CO loss from the Mo complex and to CO produced via CO2 reduction, which onsets at this potential. It is feasible that the feature at 1880 cm-1 is due to a CO2 reduction intermediate, however to date we have been unable to detect the stretching modes that would be expected for bound CO2 species indicating that such species are either short-lived or have a low residence time near the electrode surface. Therefore based on the similarity of the frequency of the mode to that observed under argon we assign the 1880 cm-1 feature to [Mo(bpy)(CO)4].-, Figure 5, S9. 
In contrast to experiments under Ar, under CO2 we do not observe the presence of either [Mo(bpy)(CO)3]2- (1835 and 1735 cm-1 under Ar) or [Mo(bpy-H)(CO)4]- (1870, 1790 cm-1  under Ar), even at the most negative potentials studied (-2.35 V, Figure 5b).  The smaller potential window studied under CO2 compared to under Ar is due to the large current density observed at these negative potentials and the subsequent formation of bubbles, which could not be displaced from the thin pathlength (ca. 50 μm) of the SEC cell. The lack of observation of [Mo(bpy)(CO)3]2-  is significant, indicating that it is able to rapidly react with CO2, whilst the absence of spectral features assignable to [Mo(bpy-H)(CO)4]- supports its proposed mechanism of formation via reaction of [Mo(bpy)(CO)3]2- with water in the absence of CO2. 
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Figure 6: In-situ IR-Vis SFG spectra of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1M TBAPF6 recorded under an Ar atmosphere at a Pt electrode during a CV measurement (50 mV s-1) averaging for 1 s per spectrum using a delay of 0.4 ps to suppress NR signals. 
For the remainder of the paper we will focus on elucidating the factors that enable the formation of [Mo(bpy)(CO)3]2- on the Au surface at such positive potentials. Control VSFG studies of a [Mo(bpy)(CO)4] solution at a Pt electrode are shown in figure 6. At the start of the CV measurement (-1.43 V, Fig S10,11) VSFG bands associated with [Mo(bpy)(CO)4] are observed at 1898 and 1872 cm-1. As [Mo(bpy)(CO)4] is reduced (-1.9 to -2.3 V) the SFG intensity  at 1898 cm-1 decreases, leaving a single υ(CO) mode at 1867 cm-1 (-2.4 V, figure S12). Assignment on the basis of only a single vibrational mode is inevitably tentative, however it is reasonable to anticipate the formation of [Mo(bpy)(CO)4].- at these potentials on Pt, the observed wavenumber being in-line with expectations for this species.18 At potentials negative of -2.6 V we see a decrease in the intensity of the υ(CO) mode of [Mo(bpy)(CO)4].- . It is notable that when a Pt electrode was used, no new SFG features that could be assigned to either [Mo(bpy)(CO)3]2- or [Mo(bpy-H)(CO)3]- were observed. Previous spectroelectrochemical studies have shown that [Mo(bpy)(CO)3]2- is generated at a Pt electrode and that it has reasonable stability.18 The lack of observation of the active catalyst in this surface specific study is likely either due to (i) a rapid movement of [Mo(bpy)(CO)3]2- away from the Pt electrode following formation or (ii) a high degree of disorder of surface [Mo(bpy)(CO)3]2- leading to weaker VSFG signals. 
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Figure 7: Stark shift of a υ(CO) mode of [Mo(bpy)(CO)4].- measured during VSFG/CV measurements of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1M TBAPF6 recorded under an Ar atmosphere at a Pt (red) and Au (black) electrodes. For experiments using Au electrodes a shift of 13.3 ± 1.0 cm-1 V-1  (dashed fit line) can be obtained over the full potential window where the band is present (-2.1 to -2.6 V), however at potentials negative of -2.3 V [Mo(bpy)(CO)3]2- is formed and hence small quantities of [Mo(bpy-H)(CO)4]-, a complex with similar IR modes to [Mo(bpy)(CO)4].-, may be present which could lead to inaccuracies in the measured shift over this larger potential range.
The vibrational Stark effect provides a probe of the local electric field strength experienced by the complexes, hence insights into the double layer structure and the degree of electrode-complex interaction can be gained through its measurement.38,39 Figure 2 shows a strong potential dependence, with the υ(CO) modes of the Mo complexes at the gold electrode shifting as a function of applied potential, and therefore electric field strength. We focus on the analysis of the modes of [Mo(bpy)(CO)4].- as it will be shown below that the interaction between this complex and the electrode is critical. Using a Au electrode we find that the B1 out of phase axial stretching mode of [Mo(bpy)(CO)4].- shifts by 14.0 ± 4.0 cm-1 V-1 between -2.1 and -2.3 V, figure 7.  In contrast the υ(CO) modes of species at the Pt electrode show minimal potential dependence (Figure 6) and we only measure a Stark shift of 2.7 ± 1.0 cm-1 V-1 for [Mo(bpy)(CO)4].- at Pt, figure 7.  Changes in geometry of the complex at the two different electrodes would give rise to different Stark shifts, however it is notable that the spectra of [Mo(bpy)(CO)4].- on both Pt and Au are similar, with the B1 the υ(CO) mode dominating. Instead the results can be rationalised through consideration of the electrode/electrolyte interface. The simplest model of the interface would assume a linear potential drop between the electrode surface and the outer Helmholtz layer, which is typically over a distance of ca. 1 nm or less.40 Assuming a 1 nm Helmholtz layer we arrive at estimated Stark tuning rate of ca. 1.4 x10-6 cm-1/(V/cm) for the υ(CO) mode of [Mo(bpy)(CO)4].- at an Au electrode, in line with typical values for small molecules at interfaces.38,41,42 In reality the microscopic structure of the electrical double layer is still debated and the Helmholtz model is undoubtedly an oversimplification. Of those proposed the Gouy-Chapman-Stern model has been most widely applied to successfully predict the decrease in electric field strength with distance from the electrode surface.40,43 Here a compact Stern layer (< 1 nm) exists consisting of solvated electrolyte ions and specifically adsorbed molecular species, over which the majority of the potential drop occurs and the magnitude of the Stark tuning rate indicates that [Mo(bpy)(CO)4].- is either very close to the Au surface or even specifically adsorbed. Notably we observe a large change in the NR signal following the reduction of [Mo(bpy)(CO)4] to [Mo(bpy)(CO)4].- in-line with a large reorganisation occurring of the interfacial structure at this potential (Figure S13).28 Beyond the Stern layer lies an outer diffuse region within which molecules will experience a significantly decreased electric field due to screening effects. It is likely that with a Pt electrode [Mo(bpy)(CO)4].- persists at a greater distance from the electrode surface, being rapidly moved away from the electrode following formation.
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Figure 8: (a) CV measurement (20 mV s-1) of [Mo(bpy)(CO)4] (1 mM) in CH3CN and 0.1 M TBAPF6 recorded under an Ar atmosphere at a Au electrode; (b) SFG intensity vs. potentials at 1904 (green), 1850 (blue) and 2242 cm-1 (red). Vibrational modes at these frequencies are assigned to the species indicated in the figure. The yellow box is a guide to the eye to highlight the region where [Mo(bpy)(CO)4].- is the dominant complex present. 
To further interrogate the gold electrolyte interface and to provide evidence for the proposed surface interactions with the Au electrode, we also monitored VSFG signals relating to the solvent (CH3CN) during CV measurements. The intensity of the SFG signals at 2242, 1850 and 1905 cm -1 assigned to CH3CN, [Mo(bpy)(CO)4].- and [Mo(bpy)(CO)4] respectively are shown in figure 8.  At 2242 cm-1 the absorbance of the bulk solvent is 0.55 (Figure S14) demonstrating that sufficient IR intensity can reach the electrode surface. We believe that the band at 2242 cm-1 is a VSFG mode and is unlikely to be a phantom transition28 as the observed signal intensity does not mirror that of the NR signal (Figure S13) beyond the initial large change when [Mo(bpy)(CO)4].- is formed (ca. -2V). In contrast we find a clear inverse correlation exists between the intensity of the SFG modes assigned to CH3CN and [Mo(bpy)(CO)4].- at the Au surface. This is in-line with a very close interaction between [Mo(bpy)(CO)4].- and the Au electrode. The presence of [Mo(bpy)(CO)4].- leads to a reorganisation, disordering and potentially the expulsion of the solvent from the electrode surface decreasing the VSFG response at 2242 cm-1. No clear inverse correlations with the VSFG signal of CH3CN and [Mo(bpy)(CO)3]2-/[Mo(bpy-H)(CO)3]- have been identified. When [Mo(bpy)(CO)3]2-/[Mo(bpy-H)(CO)3]- are the dominant species in the electrochemical experiment (<-2.5 V) the VSFG signal of CH3CN increases, suggesting that reduction of [Mo(bpy)(CO)4].- leads to reforming of the structured solvent layer. Similarly when [Mo(bpy)(CO)4] is the dominant species (from -1.25 to -1.65 V) we observe a maximum in the VSFG response of CH3CN. It is therefore apparent that the ability to change the nature of the solvent structure and potentially displace solvent from the gold electrode surface is specific to [Mo(bpy)(CO)4].-.
It may be envisaged that the strength of the electrode-CO bond would be the critical factor in enabling CO loss from [Mo(bpy)(CO)4].- and subsequent reduction to form catalytically active [Mo(bpy)(CO)3]2-. However whilst we did observe the build-up of CO on Pt electrodes during experiments which could only be removed through oxidative stripping at anodic potentials, indicating a strong Pt-CO interaction in this system, the formation of [Mo(bpy)(CO)3]2- via the 2nd low potential pathway (scheme in figure 2) was not observed. Indeed a similarly low catalytic behaviour is achieved with GCE (figure S1), a material with minimal CO affinity, suggesting that the proximity of [Mo(bpy)(CO)4].- to the electrode surface is instead the critical factor, in-line with our findings. The degree of interaction of an electrochemically generated species with the electrode is a complex balance that is dependent upon multiple (and interrelated) factors including the electrolyte salt choice and concentration, the nature of the solvent and substrate/product interactions with the electrode. This offers several simple routes to improve catalytic activities with these group 6 CO2 reduction catalysts. The role of the solvent has already been demonstrated, with the use of NMP greatly enhancing CO2 reduction catalytic currents compared to THF and CH3CN, despite the increased viscosity of NMP18 and VSFG studies to elucidate the nature of a wider range of the NMP-catalyst-electrode interactions are underway. Therefore it appears viable that careful control of solvent and supporting electrolyte will deliver enhanced catalytic activity for this class of complexes at a greater range of electrode materials in the future.

CONCLUSIONS: The VSFG studies presented here provide evidence for the previously proposed18 formation of [Mo(bpy)(CO)3]2-, the active catalyst for CO2 reduction, via a 2nd pathway at more positive applied potentials, enabling catalytic onset potentials that are similar to the much more widely studied group 7 analogues. Our studies show that [Mo(bpy)(CO)4].- has a strong interaction with the Au electrode and this is critical in enabling CO loss from this relatively stable species in solution. The clear demonstration of a low energy pathway to forming active catalytic species is an important step, indicating that simple strategies such as electrolyte control, alongside synthetic strategies that encourage facile CO loss, are likely to be productive routes to developing more efficient electrocatalysts for CO2 reduction based on the comparatively abundant group 6 metals.
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