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The production of syngas by traditional processes such as steam methane reforming is energetically intensive and produces a large amount of CO2 emissions. In contrast, the electrochemical CO2 reduction reaction (CO2RR) enables the carbon neutral production of syngas at ambient conditions. Among non-precious metal catalysts, metal-nitrogencarbon electrocatalysts are inexpensive and highly selective towards syngas production.

This study examined the selectivity of mono-and bi-metallic (M-N-C, M = Fe, Mo or FeMo) electrocatalysts towards syngas production. The ratio of the CO:H2 in the syngas was tuned by modifying the ratio of metallic precursors in the bi-metallic FeMo-N-C catalysts, tailoring the catalysts' selectivity towards the CO2RR or the hydrogen evolution reaction (HER). The catalyst synthesis temperature(s) are considered as they influence the catalyst morphology and activity. Further, the dependence of the ratio of CO:H2 in the syngas as a function of the potential is explored for the different bi-metallic catalysts. This work showed that by tailoring both the ratio of Fe:Mo in the bi-metallic catalyst and optimizing the reductive potential, a CO:H2 ratio between 0.25 to 5 was achievable. This study demonstrated a novel approach in which the ratio of the product syngas composition can be tailored in a single reaction, without the need for further downstream processing to reach a desired composition.

Introduction

Electrochemical CO2 reduction is a promising method to mitigate anthropogenic CO2 emissions while simultaneously producing value-added chemicals. One of the most feasible methods for industrial applications is the implementation of an H2O/CO2 coelectrolysis process where the target products are H2 and CO. Synthesis gas (syngas) is generally a mixture of CO, H2, CO2, and smaller amounts of CH4 and other gases. [START_REF] Lu | Electrosynthesis of Syngas via the Co-Reduction of CO2 and H2O[END_REF] The market value for syngas is low compared to other possible products from CO2 reduction (e.g., market value for syngas = 0.06 $ kg -1 ; market value for CO = 0.6 $ kg -1 and for npropanol = 1.43 $ kg -1 ). [START_REF] Delafontaine | Metal-Nitrogen-Carbon Electrocatalysts for CO2 Reduction towards Syngas Generation[END_REF][START_REF] Jouny | General Techno-Economic Analysis of CO2 Electrolysis Systems[END_REF][START_REF] Sánchez | Recent Advances in Industrial CO 2 Electroreduction[END_REF] However, the product stream from a CO2 electrolyzer producing CO and H2 may be used with minimal processing/purification in a subsequent step producing higher value products (e.g., for production of Cx (x >= 1) compounds through the Fischer-Tropsch process, for catalytic methanation of syngas, or for biological or fermentation-based processes producing high-value alcohols). [START_REF] Delafontaine | Metal-Nitrogen-Carbon Electrocatalysts for CO2 Reduction towards Syngas Generation[END_REF][START_REF] Jouny | General Techno-Economic Analysis of CO2 Electrolysis Systems[END_REF][START_REF] Sánchez | Recent Advances in Industrial CO 2 Electroreduction[END_REF][START_REF] Tackett | Net Reduction of CO2 via Its Thermocatalytic and Electrocatalytic Transformation Reactions in Standard and Hybrid Processes[END_REF][START_REF] Verma | Co-Electrolysis of CO2 and Glycerol as a Pathway to Carbon Chemicals with Improved Technoeconomics Due to Low Electricity Consumption[END_REF] The primary catalysts which are conventionally used in a H2O/CO2 co-electrolysis process are Ag and Au-based catalysts. These catalysts have the highest selectivity for CO but are prohibitively expensive for large scale use. [START_REF] Kim | Achieving Selective and Efficient Electrocatalytic Activity for CO2 Reduction Using Immobilized Silver Nanoparticles[END_REF][START_REF] Jiang | Silver Nanoparticles with Surface-Bonded Oxygen for Highly Selective CO2 Reduction[END_REF][START_REF] Lu | Electrochemical CO2 Reduction: Electrocatalyst, Reaction Mechanism, and Process Engineering[END_REF] Therefore, earth-abundant non-precious metal catalysts are increasingly developed as cathode materials for CO2 conversion processes.

Among non-precious metal catalysts explored, atomically dispersed, transition metal-nitrogen-carbon (M-N-C) catalysts have proven to be highly selective for CO2 reduction. [START_REF] Asset | Investigating the Nature of the Active Sites for the CO2 Reduction Reaction on Carbon-Based Electrocatalysts[END_REF][START_REF] Huang | Metal-Nitrogen-Doped Carbon Single-Atom Electrocatalysts for CO2 Electroreduction[END_REF] Metal-free N-C catalysts also show substantial selectivity for CO2 reduction with lower activity compared to their metal counterparts. [START_REF] Hu | Selective CO2 Reduction to CO in Water Using Earth-Abundant Metal and Nitrogen-Doped Carbon Electrocatalysts[END_REF] While Fe-containing M-N-C catalysts are known to catalyze the reduction of CO2 to CO at low overpotential, Mocontaining M-N-C catalysts have active Mo-Nx centers which may catalyze the competing HER reaction. [START_REF] Asset | Investigating the Nature of the Active Sites for the CO2 Reduction Reaction on Carbon-Based Electrocatalysts[END_REF][START_REF] Huang | Metal-Nitrogen-Doped Carbon Single-Atom Electrocatalysts for CO2 Electroreduction[END_REF][START_REF] Varela | Metal-Doped Nitrogenated Carbon as an Efficient Catalyst for Direct CO2 Electroreduction to CO and Hydrocarbons[END_REF][START_REF] Amiinu | Multifunctional Mo-N/C@MoS2 Electrocatalysts for HER, OER, ORR, and Zn-Air Batteries[END_REF] The active sites of M-N-C catalysts are diverse and complex, containing both nitrogen coordinated metal sites (M-Nx), and a variety of metal-free (N-C) sites whose participation in the CO2RR vs. HER is highly dependent on the specific Nmoiety and the surrounding chemical environment. [START_REF] Asset | Investigating the Nature of the Active Sites for the CO2 Reduction Reaction on Carbon-Based Electrocatalysts[END_REF][START_REF] Huang | Metal-Nitrogen-Doped Carbon Single-Atom Electrocatalysts for CO2 Electroreduction[END_REF][START_REF] Varela | Metal-Doped Nitrogenated Carbon as an Efficient Catalyst for Direct CO2 Electroreduction to CO and Hydrocarbons[END_REF] Fe-N-C catalysts are highly selective for CO formation at low overpotential (E > -0.50 VRHE), while the Ni-N-C catalyst boasts the lowest Tafel slope for CO2 reduction to CO and generally the highest overall CO production rates at higher overpotential (E < -0.75 VRHE). [START_REF] Möller | Efficient CO 2 to CO Electrolysis on Solid Ni-N-C Catalysts at Industrial Current Densities[END_REF] Generally, mono-metallic M-N-C catalysts which have substantial selectivity to CO (e.g., M-N-C catalysts where M = Fe, Ni, Mn, Cr, and to a lesser extent Co) have a potential-dependent faradaic efficiency for CO formation. [START_REF] Varela | Metal-Doped Nitrogenated Carbon as an Efficient Catalyst for Direct CO2 Electroreduction to CO and Hydrocarbons[END_REF][START_REF] Varela | Electrochemical Reduction of CO2 on Metal-Nitrogen-Doped Carbon Catalysts[END_REF] As more reductive potentials are applied, the faradaic efficiency (FE) for CO formation will reach a maximum (e.g., > 90 % for Fe and Ni-containing M-N-C) and then decrease as HER activity increases. [START_REF] Varela | Electrochemical Reduction of CO2 on Metal-Nitrogen-Doped Carbon Catalysts[END_REF] This offers a dynamic control over the syngas or CO:H2 product ratio by changing the applied reductive potential. The selectivity of several M-N-C catalysts for syngas generation are summarized in Table S1. The ability to selectively tailor the ratio of CO:H2 in the produced syngas in a single reaction enables a desired syngas compostion (to fit a desired application) to be realized without the need for further downstream mixing or processing.

One approach to selectively tailor the ratio of CO:H2 in syngas from the CO2RR was presented by Huan et al. [START_REF] Huan | Electrochemical Reduction of CO2 Catalyzed by Fe-N-C Materials: A Structure-Selectivity Study[END_REF] In this work, they demonstrated that a structure-selectivity relationship could be used to tailor the syngas composition. Using a Fe-N-C catalyst, they found that atomically dispersed Fe-N4 sites are highly selective for CO production, reaching a FECO over 90% at low overpotentials. In contrast, it was shown that over Febased nanoparticles, proton reduction to H2 dominates. Therefore, by selectively tailoring the amount of atomically dispersed Fe-N4 sites to Fe-nanoparticles the ratio of CO:H2 could be tuned between 0 -4.

This study offers a unique pathway to selectively tailor the syngas compostion. By controlling the synthesis of an atomically dispersed mono-and bi-metallic Fe, Mo and FeMo-N-C catalysts, in which the Fe-Nx sites selectively reduce CO2 to CO, while the Mo-Nx sites reduce H + to H2. Over mono-metallic Fe-N-C, a FECO greater than 90% could be achieved. Similarly, over Mo-N-C, a FEH2 of greater than 90% was achieved. By synthesizing a bi-metallic FeMo-N-C catalyst and tailoring the ratio of the Fe-Nx to Mo-Nx sites, the product ratio of CO:H2 is easily tuned. Furthermore, by simultaneously utilizing the potential dependence on product selectivity, a tunable CO:H2 ratio between 0.25 -5 was realized. These results demonstrate a novel approach to selectively tailor the syngas over a wide range of compositions in a single reaction.

Results and Discussion

Atomically dispersed mono-and bi-metallic M-N-C samples were synthesized using the previously established sacrificial support method (SSM). [START_REF] Serov | Original Mechanochemical Synthesis of Non-Platinum Group Metals Oxygen Reduction Reaction Catalysts Assisted by Sacrificial Support Method[END_REF] Briefly, the SSM involves solution phase mixing and mechanical integration of a carbon-nitrogen containing source, nicarbazine, with a hard silica template, and metal salt precursors. The precursor mixture was then pyrolyzed in a reductive 7% H2 atmosphere, followed by a hydrofluoric acid wash which removed the silica template. A second pyrolysis under a reductive 10% NH3 atmosphere was performed which removes any fluorinated species, increases the graphitization content, etches micropores, and thereby enhances the catalytic activity. [START_REF] Chen | Catalysts by Pyrolysis: Direct Observation of Transformations during Re-Pyrolysis of Transition Metal-Nitrogen-Carbon Materials Leading to State-of-the-Art Platinum Group Metal-Free Electrocatalyst[END_REF] The synthesis temperature was adjusted for the bi-metallic FeMo-N-C samples to preserve atomically dispersed metallic sites. Atomically dispersed M-Nx active sites provide for the highest atom use efficiency and allow for a selectivity study without the influence from a separate metallic phase. [START_REF] Chen | Single-Atom Catalysts: Synthetic Strategies and Electrochemical Applications[END_REF] When a high temperature of 975 ˚C or 950 ˚C was used in either the 1 st or 2 nd pyrolysis for the FeMo-N-C samples, the presence of a metallic nanoparticle phase was observed by X-ray diffraction (XRD) shown in Fig. 1a and observed by scanning transmission electron microscopy (STEM) (Figure S1). The larger high contrast spots (Fig. S1) correspond to alloyed nanoparticles of Fe/Mo metal, which are only observed at higher pyrolysis temperatures for the bi-metallic samples. This effect is not observed for the mono-metallic (Fe/Mo-N-C) catalysts, which maintain atomically dispersed sites at the higher pyrolysis tempeatures (Figures S2 a &b). The notation used throughout this study for the synthesis temperature(s) in ˚C for monoand bi-metallic M-N-C catalysts is written as M-N-C (X/Y), where X = the first pyrolysis temperature, while Y = the second pyrolysis temperature (e.g., FeMo-N-C (975/950) is first treated at 975 ˚C and then 950 ˚C). If no temperature is specified, then a pyrolysis temperature of 650 ˚C was used for both pyrolysis steps. The XRD spectra for the mono-and bi-metallic catalysts synthesized at both the high and low pyrolysis temperatures are shown in Fig. 1a ( and Fig. S3 a & b). The monometallic Fe/Mo-N-C catalysts and bi-metallic FeMo-N-C synthesized at the lower temperature of 650 ˚C show only the characteristic (002) and (100) peaks for mixed graphitic/amorphous carbon, which suggests that no metallic crystalline phases are present. While the FeMo-N-C pyrolyzed at the higher temperatures (975/950) shows the presence of a metallic crystalline phase at 2θ ~ 39 ˚. The asymmetric peak shape suggests the presence of carbon lattice defects while the increased width of the (002) peak suggests microcrystallites separate from graphitic carbon. [START_REF] Workman | Fe-N-C Catalyst Graphitic Layer Structure and Fuel Cell Performance[END_REF][START_REF] Lee | Analysis of Activation Process of Carbon Black Based on Structural Parameters Obtained by XRD Analysis[END_REF] The low mag aberration corrected high angle annular dark field (AC-HAADF) image of the FeMo-N-C catalyst in Fig. 1b shows the well defined hierarchical porous structure characteristic of the etched silica template (as confirmed through SEM and BET in Fig. S4 and Fig. S5, respectivley). The high mag AC-HAADF image in Fig. 1c shows distinct bright spots indicating atomically dispersed Fe and Mo sites. Elemental mapping from energy dispersive X-ray spectroscopy (EDS) in Fig. 1d shows the presence and homogenous distribution of C, N, Fe and Mo thoughout the catalyst. The percent atomic concentration (at.%) as obtained by XPS is summarized for the mono-and bi-metallic samples in Table S2 and is found to be a function of the pyrolysis temperature. The C and N at.% was 94.7 % and 2.5 % respectively, for the samples synthesized at the high temperatures (975/950), regardless of the metal dopant(s). The C at. % decreased to 85.1 % and N at. % increased to 9.8 % for the lower pyrolysis temperature FeMo-N-C(650/650) samples. The deconvoluted N 1s X-ray photoelectron spectroscopy (XPS) spectra in Fig. 1e reveals the presence of several N-moieties, assigned to be pyridinic (398 eV), pyrrolic (401 eV), quaternary (401.5 eV) and graphitic N (403 eV). Furthermore, the formation of nitrogen coordinated metal sites, M-Nx (399.5 eV) is observed. Likewise, the Fe 2p spectra (Fig. 1f) shows the presence of N-coordinated Fe-Nx sites. The Mo 3d spectra further reveals the formation of N-coordinated Mo-Nx sites.

The N 1s (XPS) spectra show that the relative proportions of N-moieties do not depend on the metallic precursor ratio of iron to molybdenum. The four samples with varying precursor ratios of Fe:Mo from 0.25:1 to 1:0.25 show remarkably similar percentages of N-moieties. The N 1s spectra show a high proportion of low binding energy nitrogen moieties such as pyridinic nitrogen and metal-coordinated nitrogen (i.e., Fe-Nx or Mo-Nx) versus higher binding energy nitrogen moieties which is indicative of favorable catalytic activity. The total metal atom content of atomically dispersed catalysts is difficult to assess and usually underestimated by XPS, so inductively coupled plasma mass spectroscopy (ICP-MS) was utilized to assess the total metal atom percentage (Table S3).

Additionally, according to an opinion article by Artyushkova, the ratio of N 1s low binding energy (BE) to high BE moieties was considered as another metric to standardize. [START_REF] Artyushkova | Misconceptions in Interpretation of Nitrogen Chemistry from X-Ray Photoelectron Spectra[END_REF] A high ratio of low BE N-moieties less than 400 eV to high BE above 400 eV has been shown to be beneficial for the oxygen reduction reaction (ORR). Similarly, a high concentration of pyridinic nitrogen species has been shown to promote CO2 reduction, hypothesized to be through offering an abundance of chemisorption sites. [START_REF] Luo | Significant Improvements in CO 2 Capture by Pyridine-Containing Anion-Functionalized Ionic Liquids through Multiple-Site Cooperative Interactions[END_REF][START_REF] Wang | Typical Transition Metal Single-Atom Catalysts with a Metal-Pyridine N Structure for Efficient CO2 Electroreduction[END_REF] For the CO-specific catalysts, the series of FeMo-N-C catalysts shows an increase in this ratio compared to the mono-and bi-metallic catalysts synthesized at higher temperatures (975/950), which suggests a more favorable local chemical environment for CO2 reduction (Table S4).

The Raman spectra of graphitic carbon shows a characteristic E2g vibrational mode at ~1581 cm -1 (G-band) while disordered carbon shows a peak at ~1350 cm -1 (D-band).

There is a decreasing Id/Ig ratio, which represents the ratio of D-band to G-band Raman peaks, with an increase in pyrolysis temperature (Fig. S6). This reveals an increase in the relative graphitization at the higher pyrolysis temperature(s), which is known to be autocatalyzed by the presence of iron at high temperatures. Evidence of local graphitization can be seen by annular bright-field (ABF-STEM) imaging in Fig. S7, via the presence of graphitic sheets which are observed for pyrolysis temperatures of 950 ˚C and above. The level of graphitization can have a substantial impact on catalyst morphology and reactivity. [START_REF] Workman | Fe-N-C Catalyst Graphitic Layer Structure and Fuel Cell Performance[END_REF][START_REF] Artyushkova | Misconceptions in Interpretation of Nitrogen Chemistry from X-Ray Photoelectron Spectra[END_REF] Therefore, it is an important metric to standardize for when assessing the influence of precursor metallic ratio on catalytic activity.

Previous studies have shown that atomically dispersed M-Nx sites are often located in the micropores of carbon supports. [START_REF] Tang | Single Rhodium Atoms Anchored in Micropores for Efficient Transformation of Methane under Mild Conditions[END_REF][START_REF] Lefèvre | Iron-Based Catalysts with Improved Oxygen Reduction Activity in Polymer Electrolyte Fuel Cells[END_REF] Furthermore, prior investigation has also shown porosity to be a controlling factor in the CO2 reduction activity on metal-free N-C active sites. [START_REF] Hursán | Morphological Attributes Govern Carbon Dioxide Reduction on N-Doped Carbon Electrodes[END_REF] A bimodal pore size distribution with meso/microporosity (a characteristic feature of catalysts synthesized using the SSM) is observed here (Fig. S5) which has been shown to have beneficial electrocatalytic properties. [START_REF] Liang | Hierarchically Porous Carbons with Optimized Nitrogen Doping as Highly Active Electrocatalysts for Oxygen Reduction[END_REF] The pyrolysis temperature also will greatly influence the overall surface area and electrochemically active surface area. An increase in the electrochemical surface area (ECSA) will lead to a higher overall reaction rate. In order to study the correlation between the Brunauer-Emmett-Teller (BET) surface area and the electrochemically active surface area, the double layer (D-L) capacitance values are plotted against the BET surface area values.

A positive correlation is seen between the higher synthesis temperatures and noteable increases in BET surface area, as well as D-L capacitance (Figure S8), which results in an increase in the geometric current density (Figure S9). After obtaining a full physical characterization of the catalysts, It was hypothesized, given that Fe-N-C is highly selective for CO formation while Mo-N-C catalysts have high HER activity, that altering the ratio of iron to molybdenum in the catalyst could be utilized as a tunable parameter for varying syngas composition.

Firstly, the aqueous-phase CO2RR vs. HER activity was investigated for the monoand bi-metallic M-N-C samples. Linear sweep voltammetry (LSV) was performed at a scan rate of 1 mV s -1 between 0.0 and -0.8 VRHE (e.g., sweeping from 0.0 V to -0.8 V vs. RHE in the cathodic direction). Figure 2a shows the differences in current response between the samples in the presence or absence of CO2. A substantial increase in the current density for the FeMo-N-C under CO2-saturated vs. CO2-absent conditions is evidence of its activity for the CO2RR. It is well-known that the overall activity of aqueous-phase CO2 electroreduction in a standard two compartment H-cell is limited by the limited solubility of CO2. To address the limited solubility of CO2 in aqueous electrolytes, gas diffusion electrode (GDE)-based systems are often employed. GDE assemblies bypass this solubility challenge through the creation of a triple-phase boundary which allow for higher conversion rates that are more feasible for industrial applications. [START_REF] Delafontaine | Metal-Nitrogen-Carbon Electrocatalysts for CO2 Reduction towards Syngas Generation[END_REF][START_REF] Möller | Efficient CO 2 to CO Electrolysis on Solid Ni-N-C Catalysts at Industrial Current Densities[END_REF][START_REF] Jiang | Transition-Metal Single Atoms in a Graphene Shell as Active Centers for Highly Efficient Artificial Photosynthesis[END_REF] For this reason, a custom-built GDE flow cell system was employed to examine catalyst selectivity for the CO2RR vs. HER.

The molar precursor ratio of iron to molybdenum was varied in the FeMo-N-C (650/650) catalyst series to observe the compositional changes in the produced syngas.

The yield rate and faradaic efficiency for CO/H2 for the bi-metallic samples show there is a positive correlation between the ratio of iron to molybdenum and the faradaic efficiency for CO. An increase in the iron to molybdenum molar precursor ratio results in the generation of more Fe-Nx sites and therefore an increase in selectivity for CO2 reduction vs. HER. The expected selectivity for the CO2RR to CO (Fe-N-C) and the HER (Mo-N-C) for the mono-metallic samples was confirmed. Fe-N-C in Fig. 2c is highly selective for CO generation and achieves a FECO between 84 % to 94 % over the potential window from -0.3 V to -1.1 V vs. RHE (FECO, max=94.4 % at -0.7 V). This selectivity of the Fe-N-C catalyst surpasses that of Ag nanoparticles, known to be selective for CO production (Fig. S11). By contrast, in Mo-N-C (975/950), Fig. 2d shows a high selectivity for the HER over the CO2RR over the entire potential window from -0.3 V to -1.1 VRHE. For the series of bimetallic FeMo-N-C catalysts, we see a mixed selectivity for CO2RR/HER which is intermediate between Fe-N-C and Mo-N-C. The onset potential for CO generation for the iron-containing M-N-C catalysts is near the thermodynamic minimum while for the Mo-N-C catalyst, the onset potential for CO generation is between ca. -0.3 to -0.5 VRHE and FECO reaches a maximum of only ca. 22 % between -0.5 V and -0.7 VRHE (Figure S12).

In terms of CO2RR to CO activity, the bimetallic FeMo-N-C (650/650) with a ratio of Fe:Mo = 1 reaches a maximum CO partial current density of -7.1 mA cm -2 at -0.9 VRHE. While, as expected, the mono-metallic Fe-N-C (975/950) was the most CO-selective catalyst for FECO (Fig. 2c) and boasted the largest CO partial current density of -31.3 +/-1.3 mA cm-2 at a potential of -1.1VRHE (Fig. S13) with a corresponding FECO = 88.6 %.

The large difference in the maximum CO partial current densities between the catalysts synthesized at different temperatures is likely a result of changes in the catalyst morphology which results in Fe-N-C (975/950) having a higher BET surface area and double-layer capacitance than the FeMo-N-C (650/650) series of catalysts (Figures S8 andS14). These morphological changes are due to the limiting synthesis conditions required to maintain atomic dispersion in the bi-metallic samples, which is necessary for investigating the selectivity changes for CO:H2 resulting from changes in the quantity of Fe-Nx and Mo-Nx sites.

By comparing Fig. 3a and Fig. 3b, it is observed when the ratio of iron to molybdenum is varied there is a marked shift in the selectivity from the CO2RR to HER at both low and high overpotentials. Figure 3 shows several interesting trends when the ratio of iron to molybdenum is varied. As expected, when the ratio of iron to molybdenum is increased (generating more Fe-Nx sites), the catalyst becomes more selective for the CO2RR, resulting in decreased (H2:CO) syngas compositions. ICP-MS was used to confirm that changing the Fe molar precusor ratio of Fe:Mo, results in corresponding changes in the molar ratio of Fe:Mo in the final catalyst, (e.g., for a precursor molar ratio of Fe:Mo = 0.25 and 4, the final atomic weight percentage ratio of Fe:Mo was determined to be 0.28 and 0.97, respectively (Table S3)). When the molar precursor ratio of Fe:Mo is 0.25, creating significantly more Mo-Nx sites, the jCO, max = -5.3 mA cmgeo -2 (FEco = 36.1 % at -0.9 VRHE). When this ratio is increased to 4.0, creating significantly more Fe-Nx sites, the maximum CO partial current density and FECO increases to jCO, max = -12.3 mA cmgeo - 2 (FEco = 63.2 % at -0.9 VRHE). Fig. 3c and Fig. 3d show that the syngas ratio is relatively independent of potential and depends primarily on the ratio of Fe:Mo until ca. -0.9 VRHE.

Once the potential is made more negative than -0.9 VRHE, the syngas ratio depends on both the potential and the ratio of Fe:Mo as is also observed in Fig. S15, where the largest shifts in H2/CO are seen for the most cathodic potentials investigated (e.g., -0.9 VRHE and -1.1 VRHE). By utilizing the changes in the ratio of Fe:Mo and altering the reductive potential, it was shown (Fig. 3d) that the H2:CO ratio could be tuned between 0.2 -4 (resulting in a corresponding CO:H2 ratio of 0.25 -5). Importantly, the partial current density for the HER (jH2) is much less sensitive to variations in the ratio of iron to molybdenum (jH2, max = ca. -15 mA for all FeMo-N-C (650/650) samples) as can be seen when comparing Fig. 4c and Fig. 4d. The partial current density for the HER (jH2) (Fig. 4d) increases monotonically as the potential is made more reductive from ca. -0.5 mA at -0.3 VRHE to ca. -15 mA at -1.1 VRHE regardless of the precursor Fe:Mo ratio. Variations in the Fe:Mo precursor ratio does not result in a significant change in jH2. It was observed that during the catalyst synthesis, molybdenum has a much higher retention in the final sample (Table S3): varying the metallic precursor ratio causes a more significant weight percent (wt.%) change for iron than for molybdenum (e.g., increasing precursor Fe:Mo from 0.25 to 4.0 results in a much larger relative increase in iron (from 0.40 to 1.46 wt.% Fe) than a relative decrease for Molybdenum (from 1.46 to 0.99 wt.% Mo)). This suggests, that for reducing the final Mo at.% (Mo-Nx sites), larger reductions in the molar Mo precursor ratio need to be considered to achieve the corresponding molar Mo at.% in the final material. The different final atomic metal wt.% sensitivity to precursor ratio has significant implications in terms of the CO2RR activity of the resulting catalysts (Fig. 4a and Fig. 4b). By changing the Fe:Mo precursor ratio from 0.5 to 4, a large increase in the yield rate of CO (as more Fe-Nx sites are present) is seen when comparing Fig. 4a and Fig. 4b. In contrast, the yield rate of H2 remains almost unchanged despite changes in the Fe:Mo precursor ratio. This supports the ICP-MS observation that changes in the final Mo wt.% are less sensitive to changes in the Fe:Mo precursor ratio (e.g., a large quantity of Mo-Nx sites remain even for large Fe/Mo precursor ratios). A similar trend is seen for samples with other Fe:Mo ratios shown in Fig. 4c and Fig. S16. The corresponding jCO and jH2 partial current densities for the FeMo-N-C catalysts at Fe:Mo ratios of 0.25, 0.5, 2 and 4 are shown in Fig. 4 c &d.

The trends for faradaic efficiency (Fig. 3) and partial current density (Fig. 4) for the FeMo-N-C (650/650) samples demonstrate that the syngas composition can be tuned through either changes in the ratio of Fe:Mo, and/or changes in the reductive potential. In addition to factors intrinsic to the catalyst composition which influences selectivity/reactivity, the reaction conditions were also investigated to uncover their role in syngas selectivity. Several control experiments were conducted to assess the influence of reaction conditions on CO2RR vs. HER activity (Fig. 5). These controls investigate the role of the catalyst loading, electrolyte type/concentration, and inlet feed composition on CO2 reduction vs. HER activity. To confirm the CO2 supplied from the gas feed is the main contributor to the observed CO2RR products, a control was conducted using a N2 gas feed in a 0.5M KHCO3 electrolyte. It is known that in the absence of gas phase CO2, some CO2 can be supplied through the KHCO3 electrolyte resulting in limited CO production, as is observed in Control 1 in Fig 5 . A trace amount of CO is produced (-0.19 mA cmgeo -2 at -1.38 VRHE) using bare Sigracet 29 BC carbon GDL, 100 % CO2 feed, and 0.5M KHCO3 but no CO is detected for potentials less cathodic than -1.38 VRHE (Fig. S17). For control 2, the catalyst loading can have a significant effect, when increased from 0.1 to 1.0 mg/cm 2 (denoted by an *): there is an increase in the CO partial current density and an increase in the FECO from 40.4 % to 76.3 %. Control 3 demonstrated that the electrolyte concentration plays a significant role on the observed CO2RR activity, where the high concentration 0.5M KHCO3 electrolyte showed a significantly higher CO partial current density (at both high and low catalyst loadings) than the 0.1M KHCO3 electrolyte. Control 4 confirms the source of CO to be largely from the CO2 feed gas with a small contribution from the KHCO3 electrolyte. By eliminating both the CO2 gas feed and CO2 containing KHCO3 electrolyte and utilizing a N2 gas feed with a phosphate buffer solution (PBS), no CO was detected during the electrolysis.

Conclusions

In summary, a novel approach to tailor the CO:H2 composition of syngas produced through the electrochemical CO2RR was demonstrated by selectively tuning the ratio of atomically dispersed Fe-Nx and Mo-Nx sites in a bi-metallic FeMo-N-C catalyst. It was demonstrated that the ratio of Fe:Mo in the catalyst could be altered with minimal effect on the catalyst's local chemical environment, such as degree of graphitization, N-moiety content, and morphological characteristics. This enabled changes in the CO:H2 ratio to be attributed to changes in the quantities of Fe-Nx and Mo-Nx sites, rather than to physical changes in the cataysts. Among the series of bimetallic FeMo-N-C catalysts, the catalyst with the highest Fe:Mo ratio of 1:0.25 shows the highest CO production rate and faradaic efficiency. The catalyst with the lowest Fe:Mo ratio of 0.25:1 shows the lowest FECO and jCO. The possibility for a dynamic control of the syngas composition was shown by changing the reductive potential. As demonstrated for the FeMo-N-C catalyst, a reductive potential between -0.5 to -0.7 VRHE yielded CO as the major product, while operating at more reductive potentials yielded H2 as the major product. By employing changes in the quantity of Fe-Nx to Mo-Nx sites and changes in the applied reductive potential, syngas ratios of CO:H2 between 0.25 -5 were obtained. The unique approach shown here provides a pathway to selectively tailor the ratio of CO:H2 in syngas, produced in a single reaction, which eliminates the need for downstream mixing to achieve a desired composition.

Methods

Synthesis of atomically dispersed Fe/Mo/FeMo-N-C

The series of Fe, Mo and FeMo-N-C catalysts utilized in this work were synthesized following the sacrifical support method. For a typical synthesis (taking FeMo-N-C as an example), 6.25 g nicarbazin; 0.6 g iron nitrate nonahydrate; 0.26 g ammonium molybdate tetrahydrate (The amount of metallic precursor is calculated such that the total number of metal atoms in each catalyst is the same); 1.25 g LM-150; 1.25 g OX-50 and 0.5 g stöber spheres were dispersed in water, sonciated for 30 min and dried at 45 ˚C under constant stirring. The resulting powder is ball-milled at 45 Hz for 1 hour, and then is pyrolyzed under 7 % H2 for 45 min at 650 ˚C. The powder is ball-milled again and etched with 40 wt. % HF for 4 days. The mixture is washed until pH ≥ 5. After drying, the powder undergoes a second pyrolysis for 30 min at 650 ˚C under a 10 % NH3 followed by a final ball-milling step.

For the mono-metallic Fe-N-C and Mo-N-C, the synthesis is identical with only the pyrolysis temperatures being changed to 975 ˚C in the first pyrolysis and 950 ˚C in the second.

For comparison, unsupported Ag nanoparticles were purchased having particle size < 100 nm and a 99.5 % (trace metal basis) purity.

Physical Characterization

The formation of atomically dispersed metal sites and catalyst strcuture were analyzed by aberration-corrected scanning transmission electron microscopy and energy dispersive X-ray spectroscopy (EDS) using a JEOL ARM300CF at an accelerating voltage of 300 kV. The surface morphology of the catalyts was visualized by scanning electron microscopy using a FEI Magellan 400 XHR SEM. The surface chemical structure, valence state and composition was analyzed using X-ray photoelectron spectroscopy performed on a Kratos AXIS Supra spectrometer with a monochromatic Al Kɑ source (The raw N 1s and Mo 3d spectra are given in Fig. S18 and S19, respectivley). The crystalline structure of the catalysts was analyzed by powder X-ray diffraction using a Rigaku Powder X-ray diffractometer. Inductively coupled plasma mass spectrometry was used to quantify the metallic content of the catalysts. N2 physisorption was performed on a Micromeritics 3Flex Analyzer at 77K. The surface area and pore size distribution were calculated using the Brunauer-Emmett-Teller method and non-local density functional theory model (NLDFT), respectively. Raman spectra were recorded on a InVia, Renishaw Corp., UK system.

Preparation of the working electrode

A GDE was fabricated by hot pressing a Sterlitech PTFE membrane filter to a Sigracet 29 BC GDL carbon paper. For a 1.0 mg/cm 2 loading, the catalyst ink was made by sonicating 900 𝜇L IPA, 100 𝜇L DI water, 10 mg catalyst powder, and 60 𝜇L 5 wt. % nafion ionmor solution (in lower aliphatic alcohols). The ink was spray coated onto a heated carbon paper. Unsupported Ag nanoparticles (particle size < 100 nm) were purchased from Sigma-Aldrich which have a 99.5 % (trace metal basis) purity and were used in the same ink formulation for Ag-based cathode.

Electrochemical CO2 Reduction

The electrocatalytic activity was evaluated using a custom-built gas diffusion electrode flow cell in a three-electrode configuration. Constant potential electrolysis (CPE) was performed across the potential range from -0.3 V vs. RHE to -1.1 V vs. RHE. The reference electrode was a Gaskatel TM reversible hydrogen electrode (RHE) used to apply the selected cathode potential in potassium bicarbonate or phospate buffer solution (PBS) based electrolyte. The faradaic efficiency for the product(s) detected was calculated based on the charge transferred to obtain the selected product divided by the total charge transferred to obtain all products.

𝐹𝐸 𝑖 = 𝑁 𝑖 𝑛 𝑖 𝐹 ∑ 𝑁 𝑖 𝑛 𝑖 𝐹

Where, Ni represents the number of moles of product detected by either GC or 1 H NMR, ni represents the number of moles of e -transferred per mole of product produced (e.g., 2 for CO and H2), and is Faraday's contant (F = 96485 C mol -1 of electrons).

Product detection

The gaseous products generated during CO2 reduction electrolysis were sampled and injected into a dual-column gas chromatograph to detect CO/H2 along with any possible CH4 or hydrocarbons. [START_REF] Lu | Electrosynthesis of Syngas via the Co-Reduction of CO2 and H2O[END_REF] H NMR was performed to confirm the absence of any liquid

products. An Agilent HP-MOLESIEVE column connected to a thermal conductivity detector (TCD) using Helium carrier gas was used to quantify CO while the carrier gas was switched to N2 using the same HP-MOLESIEVE column and TCD detector for H2 detection. A GS-CarbonPlot column connected to a flame ionization detector was used to screen for any hydrocarbon production.

Figure 1 .

 1 Figure 1. Physical characterization of catalysts: (a) XRD patterns for the Fe-N-C, Mo-N-C, and FeMo-N-C catalysts at high and low pyrolysis temperature(s). (b) Low magnification AC-HAADF STEM image of the FeMo-N-C (650/650) catalyst. (c) High magnification AC-HAADF STEM image of FeMo-N-C (650/650); atomically dispersed Fe and Mo sites are indicated by the high contrast points. (d) AC-HAADF image and corresponding elemental mapping of FeMo-N-C (650/650). XPS spectra of the FeMo-N-C (650/650) catalyst (e) N 1s spectra, indicating the presence of M-Nx moieties. (f) Fe 2p spectra showing the formation of Fe-Nx sites. (g) Mo 3d spectra showing the formation of Mo-Nx sites.

Figure 2 .

 2 Figure 2. (a) LSV curves (scan rate of 1 mV/s) in N2-saturated 0.1M PBS (K2HPO4/KH2PO4) solution and CO2-saturated 0.1M KHCO3 solution using 0.3 mg cmgeo -2 catalyst loading for FeMo-N-C (650/650). (b) Current density in CO2-saturated 0.1M KHCO3 using 0.3 mg cmgeo -2 catalyst loading for mono-and bi-metallic samples. CO2RR yield rates (nmol s -1 cm -2 ) for (c) Fe-N-C and (d) Mo-N-C, using a flow cell system.

Figure 3 .

 3 Figure 3. Faradaic efficiency (%) for FeMo-N-C (650/650) where the ratio of (a) Fe:Mo = 1:0.5 and (b) Fe:Mo = 0.25:1, using a catalyst loading of 1.0 mg/cm 2 . (c) and (d) The syngas ratio (H2/CO) vs. cathodic potential for different molar precursor ratios of Fe:Mo and Fe-N-C.

Figure 4 .

 4 Figure 4. Electrochemical performance of the bi-metallic FeMo-N-C samples. Yield Rate (nmol s -1 cmgeo -2 ) for (a) Fe: Mo = 0.5:1 and (b) Fe: Mo = 1:0.2. The magnitude of the (c) CO partial current density and (d) H2 partial durrent density (V vs. RHE). Samples labeled 1, 2, 3, 4 correspond to a ratio of Fe:Mo = 0.25, 0.5, 2, 4, respectively.

Figure 5 .

 5 Figure 5. Partial current density for H2 or CO, under several control experiments, using the FeMo-N-C (650/650) (Fe:Mo = 1:0.5). Low catalyst loading (no asterisk) is 0.1 mg cmgeo -2 while high catalyst loading (asterisk *) is 1.0 mg cmgeo -2 . Control 1 (C1): N2 inlet, 0.5M KHCO3(aq); Control 2 (C2): CO2 inlet, 0.5M KHCO3(aq); Control 3 (C3): CO2 inlet, 0.1M KHCO3(aq); Control 4 (C4): N2 inlet, 0.5M potassium phosphate buffer (PBS) (pH =7.5) (aq).
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