Yaoyin Lou 
  
Dong Fu 
  
Bruno Fabre 
  
Florence Fourcade 
  
Abdeltif Amrane 
  
Mathieu Pasturel 
  
Riadh Bourzami 
  
Odile Merdrignac-Conanec 
  
Thierry Labasque 
  
Florence Geneste 
email: florence.geneste@univ-rennes1.fr
  
Bismuth coated graphite felt modified by silver particles for selective electroreduction of CO 2 into formate in a flow cell
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 A new Bi-coated graphite felt decorated with silver particles was prepared.

 The parameters of the spontaneous deposition were optimized to achieve a homogenous material.

 The bimetallic electrode exhibited high selectivity of 88% for formate production.

 Ag and Bi played a complementary role instead to perform competitive reactions.

 The high performance of the electrode evidenced its potential for CO 2 reduction.

Introduction

The continuous increase of greenhouse gas CO 2 content in atmosphere has generated high interest into efficient methods allowing its conversion and valorization. Among them, electrochemistry is a highly interesting alternative since it can convert CO 2 into useful fuels and chemicals and can be directly integrated with renewable resources. The reduction of CO 2 into CO 2

.

-occurs at a very negative potential (-1.9 V vs Standard Hydrogen Electrode SHE at pH 7 [START_REF] Bard | Standard potentials in aqueous solution[END_REF]) in aqueous medium and a catalyst is therefore necessary to decrease the overpotential. Many different metal electrodes have shown high catalytic ability to reduce CO 2 with however different selectivity [START_REF] Barton | Selective Solar-Driven Reduction of CO 2 to Methanol Using a Catalyzed p-GaP Based Photoelectrochemical Cell[END_REF][START_REF] Li | Electroreduction of carbon monoxide to liquid fuel on oxide-derived nanocrystalline copper[END_REF]. Thus, copper can reduce CO 2 into multicarbon products [START_REF] Peterson | How copper catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels[END_REF], whereas gold and silver usually yield carbon monoxide [START_REF] Rudnev | Enhanced electrocatalytic CO formation from CO 2 on nanostructured silver foam electrodes in ionic liquid/water mixtures[END_REF][START_REF] Kim | Achieving Selective and Efficient Electrocatalytic Activity for CO 2 Reduction Using Immobilized Silver Nanoparticles[END_REF][START_REF] Ma | Selective and Efficient Reduction of Carbon Dioxide to Carbon Monoxide on Oxide-Derived Nanostructured Silver Electrocatalysts[END_REF][START_REF] Ham | Electrodeposited Ag catalysts for the electrochemical reduction of CO 2 to CO[END_REF][START_REF] Kuhl | Electrocatalytic Conversion of Carbon Dioxide to Methane and Methanol on Transition Metal Surfaces[END_REF]. Bismuth (Bi) considered as a cost-effective and environmentally friendly electrode material is also a promising catalyst for CO 2 reduction, leading to CO or formate depending on the nature of the electrolytic medium [START_REF] Atifi | Directing the Outcome of CO 2 Reduction at Bismuth Cathodes Using Varied Ionic Liquid Promoters[END_REF][START_REF] Medina-Ramos | Structural Dynamics and Evolution of Bismuth Electrodes during Electrochemical Reduction of CO 2 in Imidazolium-Based Ionic Liquid Solutions[END_REF][START_REF] Thompson | Solvent-Driven Reductive Activation of CO 2 by Bismuth: Switching From Metalloformate Complexes to Oxalate Products[END_REF][START_REF] Su | Ultrathin Bismuth Nanosheets as a Highly Efficient CO 2 Reduction Electrocatalyst[END_REF][START_REF] Zhang | Rational Design of Bi Nanoparticles for Efficient Electrochemical CO 2 Reduction: The Elucidation of Size and Surface Condition Effects[END_REF]. A current density of 57 mA cm -2 at -1.16 V vs Reversible Hydrogen Electrode (RHE) with a Faradaic efficiency (FE) for formate of 95% was achieved in CO 2 -saturated aqueous HCO 3 -solution with a Bi electrode having short inter-layer Bi-Bi bonds [START_REF] He | The p-Orbital Delocalization of Main-Group Metals to Boost CO 2 Electroreduction[END_REF]. Some bimetallic electrodes have also shown higher catalytic activities compared with their pure metal counterparts [START_REF] He | Graphene-Supported Monometallic and Bimetallic Dimers for Electrochemical CO 2 Reduction[END_REF][START_REF] Zhao | Opportunities and Challenges in CO2 Reduction by Gold-and Silver-Based Electrocatalysts: From Bulk Metals to Nanoparticles and Atomically Precise Nanoclusters[END_REF][START_REF] Zhang | Stannate derived bimetallic nanoparticles for electrocatalytic CO 2 reduction[END_REF]. In that context, Ag has been associated to Cu in order to improve the catalytic performance for CO 2 reduction due to a tandem sequential catalysis and electronic effect [START_REF] Huang | Structural Sensitivities in Bimetallic Catalysts for Electrochemical CO 2 Reduction Revealed by Ag-Cu Nanodimers[END_REF][START_REF] Chang | The Tunable and Highly Selective Reduction Products on Ag@Cu Bimetallic Catalysts Toward CO 2 Electrochemical Reduction Reaction[END_REF]. Bimetallic electrodes containing Bi have also been studied [START_REF] Zu | Copper-modulated bismuth nanocrystals alter the formate formation pathway to achieve highly selective CO2 electroreduction[END_REF][START_REF] Lv | Electrodeposition of nanosized bismuth on copper foil as electrocatalyst for reduction of CO 2 to formate[END_REF][START_REF] Sun | Molybdenum-Bismuth Bimetallic Chalcogenide Nanosheets for Highly Efficient Electrocatalytic Reduction of Carbon Dioxide to Methanol[END_REF][START_REF] Wen | Orbital Interactions in Bi-Sn Bimetallic Electrocatalysts for Highly Selective Electrochemical CO 2 Reduction toward Formate Production[END_REF][START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF].

An increase in FE has been obtained with Cu-Bi electrodes, which was attributed to a change in the local environment of Bi modulated by Cu atoms [START_REF] Zu | Copper-modulated bismuth nanocrystals alter the formate formation pathway to achieve highly selective CO2 electroreduction[END_REF]. A synergistic effect has also been observed between Bi and Mo for producing methanol [START_REF] Sun | Molybdenum-Bismuth Bimetallic Chalcogenide Nanosheets for Highly Efficient Electrocatalytic Reduction of Carbon Dioxide to Methanol[END_REF]. S-O composite involving a bimetallic Ag-Bi system has also improved Faradaic efficiency for the selective CO 2 reduction into formate. The authors attributed the higher FE to the acceleration of H 2 O dissociation improved by the presence of Ag that increased the current density and local pH [START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF].

To approach the performance allowing the system to be used industrially (200 mA cm -2 and FEs higher than 90%) [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF] flow systems have also been considered as they improve both mass transport and current densities [START_REF] He | The p-Orbital Delocalization of Main-Group Metals to Boost CO 2 Electroreduction[END_REF][START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF]. Since the recycling of the solution through the electrode can be avoided, they also limit the variation of pH that occurs unavoidably during bulk electrolysis. It avoids a continuous formation of hydroxide ions if hydrogen evolution occurs and so their subsequent reaction on dissolved CO 2 to form carbonates [START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF][START_REF] Lv | A Highly Porous Copper Electrocatalyst for Carbon Dioxide Reduction[END_REF].

In the pursuit of our investigations on the modification of graphite felts and their use in depollution processes [START_REF] Geneste | Catalytic electrochemical pre-treatment for the degradation of persistent organic pollutants[END_REF][START_REF] Abdallah | Selective and quantitative nitrate electroreduction to ammonium using a porous copper electrode in an electrochemical flow cell[END_REF][START_REF] Lou | Ni-coated graphite felt modified with Ag nanoparticles: a new electrode material for electro-reductive dechlorination[END_REF], Bi coated graphite felts with high surface area and good stability [START_REF] Abdallah | New porous bismuth electrode material with high surface area[END_REF] were prepared and their high catalytic activity toward the reductive dechlorination of chloroacetamides was highlighted [START_REF] Lou | Efficient dechlorination of a-halocarbonyl and a-haloallyl pollutants by electroreduction on bismuth[END_REF]. Herein, Bi modified graphite felts were used in a flow system for CO 2 reduction. The electrode was modified with silver particles by galvanic displacement reaction to give rise to a new bimetallic porous electrode material, advantageously prepared from low-cost and large-scale available graphite felt.

Whereas CO 2 reduction on Ag is known to give CO as the main product, an improvement in the FE for formate has been obtained with the bimetallic system, although the electrode did not contain sulfur modifiers as reported before [START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF]. This porous Ag-Bi electrode of high specific surface area, which is easy and cost-effective to produce, is highly suitable for flow systems and allowed the achievement of high current densities and high production rate.

Materials and methods

Chemicals and materials

Bismuth(Ⅲ) oxide (Bi 2 O 3 ) was purchased from Acros Organics. Nitric acid (HNO 

Preparation of Bi coated graphite felts and further modified with Ag particles (Ag-Bi@GF)

Ag-Bi@GF was prepared by electroless deposition of silver particles on Bi coated graphite felt (Bi@GF).

Bi@GF was prepared as previously reported (Bi graphite felt cuboid : 11 cm × 6 cm, 3 mm thickness) [START_REF] Abdallah | New porous bismuth electrode material with high surface area[END_REF]. The deposition of Ag particles onto Bi@GF was carried on a sample (1 cm diameter, 1.5 mm thickness) taken from the Bi graphite felt cuboid, by galvanic displacement reaction (equation 1) according to a previous study [START_REF] Verlato | Preparation of Silver-Modified Nickel Foams by Galvanic Displacement and Their Use as Cathodes for the Reductive Dechlorination of Herbicides[END_REF] and modified as follows: first, Bi@GF was etched under sonication in 0.1 mol L -1 HNO 3 for 5 minutes, and then rinsed with water three times for 5 min. Then, the electrode (diameter: 1 cm; thickness: 1.7 mm) was cycled (6 scans) by cyclic voltammetry from -0.6 to -1 V vs MSE in 0.1 mol L -1 HNO 3 . The electrode was then dipped for 20-45 min in 25 mL of a solution at 0.5-2.0 mmol L -1 AgNO 3 and 0-1.3 mmol L -1 (0-0.4 g, 25000 g mol -1 ) PVP previously degassed for 1h prior to Ag deposition, kept under argon at 25 ± 0.1 o C and stirred at 250 rpm with a magnetic stirrer.

CO 2 electroreduction was performed in a home-made flow cell (Fig. S1) [START_REF] Fontmorin | Reductive dehalogenation of 1,3-dichloropropane by a [Ni(tetramethylcyclam)]Br 2 -Nafion modified electrode[END_REF]. To ensure a good homogeneity of the potential distribution in the three dimensional working electrode Bi@GF and Ag-Bi@GF working electrodes (diameter: 1 cm; thickness: 1.5 mm) were positioned between two interconnected DSA (dimensionally stable anodes) counterelectrodes (AC-2004, supplied by ECS International Electro Chemical Services, France). The compartments were separated by cationic exchange membranes (Nafion TM 417 membrane, France). The reference electrode (mercury/mercurous sulfateabbreviated as MSE) was positioned in the middle of the working electrode to limit the ohmic drop and the cathodic potential was applied using a VersaSTAT 3 potentiostat from Ametek/Princeton Applied (Elancourt, France). The electrodes were pre-treated in the flow cell by electroreduction at -1.1 V SCE until the current was constant (for 1-2h) in 0.1 mol L -1 Na 2 SO 4 and then washed with ultrapure water. This pre-treatment was necessary to eliminate oxides formed at the surface of Bi electrode [START_REF] Lou | Efficient dechlorination of a-halocarbonyl and a-haloallyl pollutants by electroreduction on bismuth[END_REF]. The 0.5 mol L -1 KHCO 3 solution was saturated with CO 2 for 30 min before to be pumped through the electrochemical cell. The Faradaic efficiency FE was calculated as follows:

Faradaic efficiency = ( 2 
)
where N is the number of moles of consumed electrons (N(

H 2 ) = 2, N(HCOO -)=2, N(CO)=2),
F is the Faraday constant (96 500 C mol -1 ), n is the amount of generated HCOO -, H 2 or CO (mol), and Q is the consumed electrical charge (C).

The volume current density J was calculated according to the following equation:

J = I / V ( 3 
)
Where I is the current (A) and V the volume of the 3D porous electrode (0.13 cm 3 ).

To compare to 2D electrodes, the surface current density was also given considering the geometrical surface area of the electrode (0.78 cm 2 ).

Additional instrumentation

For X-ray measurements, the samples were placed on Poly(methyl methacrylate) (PMMA) sample holders and fastened without strong compression below a Mylar foil. The powder diffraction patterns were measured using a Bruker D8 Advance diffractometer working with monochromatized CuK1 radiation (=1.5406 Å) and equipped with a LynxEye fast detector.

The diffraction patterns were measured from 20° to 120° with 2 steps of 0.02° and integrated counting time of 250 s/step. The patterns were refined by the Rietveld method using the Fullprof software. For bismuth, the trigonal R-3m space group (no. 166) was considered with a single 6c (0 0 z) Wyckoff position occupied by Bi-atoms while a cubic unit cell (Fm-3m space group, no. 225) with a single 4a (0 0 0) Wyckoff position was used for silver.

Using a Thompson-Cox-Hastings peak profile function and taking into account the instrumental contribution of the apparatus measured on a corundum standard sample, the average crystallite size was extracted from the refinements.

Nitrogen adsorption isotherms were recorded at liquid nitrogen temperature (77K) using a Micromeritics Gemini VII Surface Area and Porosity Analyzer. Prior to adsorption, the electrode material was outgassed overnight under vacuum at room temperature to remove all physisorbed material. Specific surface areas (SSA) were calculated by Brunauer-Emmett-Teller (BET) method from N 2 adsorption data in the relative pressure range 0.05-0.25.

The surface morphology of electrode materials was analyzed by JSM-7100F Field Emission

Scanning Electron microscopy equipped by EDS (Energy Dispersive X-Ray Spectroscopy)

Detector SDD type (Silicon Drift Detector) X-Max 80 mm2 Oxford Instruments AZtecEnergy. Accelerating voltage was 10 kV with a beam current of 1 nA and a spectra collection time of 100 s.

Gas chromatography (GC) measurements for the detection and quantification of the gas produced from electrolysis (e.g. CO and H 2 ) were performed with a PerkinElmer® Clarus® To assure a constant pressure in the receiving flask, a water displacement system was implemented. The gas was collected at the end of the electrolysis with a gas-tight syringe from the gas phase of the receiving flask and immediately injected in the gas chromatograph.

The concentration of formate was determined using DIONEX DX120 ion chromatography equipped with a conductivity detector and a DIONEX AS19 (4 × 250 mm) ion-exclusion column. The sample was eluted with potassium hydroxide at a flow rate of 1 mL min -1 . The detection was carried out by conductivity with a Self-Regenerating Suppressor (SRS).

Linear voltammetry analyses were performed with a VersaSTAT3 AMETEK Model (Princeton Applied Research) potentiostat/galvanostat. A standard three-electrode glass electrochemical cell was used in which were inserted GF (4 mm diameter, 1.7 mm thickness), Bi@GF (2.5 mm diameter, 1.7 mm thickness) or Ag-Bi@GF (2.5 mm diameter, 1.7 mm thickness) as the working electrode, a platinum plate as the auxiliary electrode, and a KClsaturated calomel electrode (SCE) as the reference electrode. The electrolytic solution was 0.5 mol L -1 KHCO 3 (pH 7.2) under CO 2 or Ar saturation.

Results and discussion

Preparation of Ag-Bi@GF

Preliminary cyclic voltammetry analysis

The Ag deposition onto the Bi surface was performed by galvanic displacement reaction according to equation 1, whose reaction rate is highly dependent on the difference between the reduction potential of Ag + and the oxidation potential of Bi in the studied medium. The partial reactions of the Ag/Bi galvanic exchange, including Bi electrodissolution and Ag deposition, were studied by linear voltammetry (Fig. 1). The potential overlap for which both Ag deposition and Bi dissolution could occur simultaneously was 230 mV, and decreased to 122 mV in the presence of PVP (Fig. 1). Indeed, the redissolution of bismuth occurred at a less negative potential when PVP was added to the solution, probably due to the adsorption of the polymer onto the Bi surface. This medium was used for the Ag deposition and the concentrations of PVP and Ag + ions were optimized to obtain a high density of nanoparticles homogenously distributed inside the three dimensional electrode. Main experimental results are summarized in Table S1.

Pretreatment of Bi@GF

Before deposition, Bi@GF was sonicated in nitric acid and underwent an electrochemical treatment to smooth the surface and eliminate oxides (Fig. 2a,b). This pretreatment had a significant impact on the subsequent Ag deposition since a lower density of silver was found on the untreated Bi@GF (Fig. 2 c,d). Indeed, some black areas identified as silver particles by EDS (Fig. S2) were present on the untreated material (Fig. 2c), whereas the treated material showed a high density of Ag plates (Fig. 2d). This pretreatment was therefore used in the following experiments. 

Effect of PVP on the Ag deposition

PVP polymer has demonstrated its ability as stabilizing agent to promote the formation of well-defined Ag nanostructures in electroless processes [START_REF] He | Reductive dehalogenation of a chloroacetanilide herbicide in a flow electrochemical cell fitted with Ag-modified Ni foams[END_REF] and electrodeposition [START_REF] Liu | Electrocatalytic dechlorination of chloroacetic acids on silver nanodendrites electrode[END_REF]. It has been also reported that PVP favours the nucleation of Ag clusters on the surface [START_REF] Xia | Quantitative Analysis of the Role Played by Poly(vinylpyrrolidone) in Seed-Mediated Growth of Ag Nanocrystals[END_REF]. The addition of PVP during the modification step of the Bi@GF significantly reduced the size of the Ag plates formed on the surface (Fig. 3 a,b), which were around 1-2 μm against 4-5 m without PVP (Fig. 2d). However, when the concentration of PVP was increased to 1.3 mmol L -1 , the Ag plates grew again (Fig. 3c). Therefore, a concentration of 0.3 mmol L -1 of PVP was used in the following experiments to preclude the formation of fragile larger Ag plates. 

Effect of Ag + concentration and deposition time

To decrease the size of the deposited Ag plates, the concentration of the silver salt was decreased to 1 mmol L -1 and different deposition times were tested from 20 to 45 min (Fig. 4).

SEM images showed that the effect of the decreasing silver concentration was not obvious, whereas the deposition time had a great influence on the size of the Ag particles. Indeed, 45 min led to ca. 1 m long Ag plates (Fig. 4 a,b), whereas 30 and 20 min times led to Ag particles ranging approximatively from 200 to 400 nm size (Fig. 4 c to e). Twenty min was thus selected to deposit silver on Bi@GF since the density of Ag particles was lower in that case, yielding a more homogenous material with less aggregation of silver particles. It is worth noting that an increase of the silver concentration to 2 mmol L -1 led to the formation of Ag plates even when 20 min deposition time was used (Fig. S3). 

Characterization of Ag-Bi@GF

The X-ray diffraction (XRD) patterns of Bi@GF and Ag-Bi@GF (prepared from a solution containing 1 mmol L -1 AgNO 3 , 0.32 mmol L -1 PVP and a 20 min deposition time) are shown in Fig. 5 and a summary of crystallographic data is given in Table 1.

Table 1

Results of Rietveld refinements for Bi@GF and Ag-Bi@GF electrodes Sample Bi@GF Ag-Bi@GF Bi@GF was composed of pure metallic rhombohedral Bi with lattice parameters agreeing with literature data [START_REF] Zhang | Selective electro-reduction of CO 2 to formate on nanostructured Bi from reduction of BiOCl nanosheets[END_REF]. No significant change of the cell parameters was observed after Agdeposition. The diffraction peaks characteristic from Ag, which are expected at 2 = 38.0 o , 44.2° and 64.5 o (corresponding to the (111), ( 220) and (200) planes, respectively) were not clearly observed due to the presence of superimposed Bi peaks (Fig. 5b). However, the peaks at 77.4° and 81.5° corresponding to the (311) and ( 222) planes respectively were detected (Fig. 5c), which confirmed the presence of silver on the electrode. No significant preferential orientation, neither for Bi nor for Ag, was detected by the XRD patterns refinement, in agreement with the rather isotropic shape of the metal particles observed on SEM images (Fig. 4). Investigation of the Bragg peak broadening lead to an average crystallite size for Bi of 345 [START_REF] Atifi | Directing the Outcome of CO 2 Reduction at Bismuth Cathodes Using Varied Ionic Liquid Promoters[END_REF] Å and 322(10) Å before and after Ag-deposition, respectively. For Ag, the number of independent reflections was not sufficient to perform any precise analysis, but the broadening was constrained to that of Bi, leading to a rather satisfying description of the peak profile. From these sizes, one can conclude that most of bismuth visible on Fig. 4c are single crystallite or composed of 2-3 grains at maximum. Although Ag was detected by X-ray diffraction, the very small size of the peaks was not in accordance with the high amount of silver observed in SEM images (Fig. 4e). It indicated that Ag does not form a continuous layer on Bi surface but forms particles having mainly an amorphous character. The specific surface area (S BET ) of Ag-Bi@GF was estimated to be 4.5 ± 0.2 m 2 g -1 by BET measurements and the average diameter of pores, supposedly of cylindrical shape, was 87 ± 3 Å. The S BET value of Ag-Bi@GF was 10 times higher than that of Bi@GF, probably due to the increased roughness and porosity of the surface induced by the dissolution of bismuth during the modification of Bi@GF.

CO 2 electroreduction

Linear voltammetry analysis

The catalytic activity of Bi@GF and Ag-Bi@GF electrodes towards the reduction of CO 2 was investigated by linear voltammetry in KHCO 3 -containing aqueous solution (pH 7.2) (Fig. 6).

Fig. 6. Linear sweep voltammograms at 100 mV s -1 for GF (4 mm diameter, 1.7 mm thickness), Bi@GF (2.5 mm diameter, 1.7 mm thickness) and Ag-Bi@GF (2.5 mm diameter, 1.7 mm thickness) in 0.5 mol L -1 KHCO 3 (pH 7.2) under CO 2 or Ar saturation.

The electrolytic medium has been chosen as pH buffer since HCO 3 -is known to increase the effective concentration of dissolved CO 2 near the electrode surface through rapid equilibrium between bicarbonate and dissolved CO 2 [START_REF] Dunwell | The Central Role of Bicarbonate in the Electrochemical Reduction of Carbon Dioxide on Gold[END_REF]. Since the repartition of the potential in a threedimensional electrode is not homogeneous, it is difficult to estimate the exact value of the onset potential corresponding to the reduction of CO 2 . Nonetheless, a value close to -1.3 V SCE (-1.05 V SHE at pH 7) can be deduced for Bi@GF from Fig. 6, which corresponds to a small overpotential around 0.4 V considering the standard potential of the CO 2 /HCOO -system (E°(CO 2 /HCOO -) = -0.61 V SHE at pH 7 [START_REF] Lewis | Photochemical and Photoelectrochemical Reduction of Carbon Dioxide[END_REF]). This value is consistent with those previously reported for other types of Bi electrodes [START_REF] Zhang | Selective electro-reduction of CO 2 to formate on nanostructured Bi from reduction of BiOCl nanosheets[END_REF][START_REF] Han | Ultrathin bismuth nanosheets from in situ topotactic transformation for selective electrocatalytic CO 2 reduction to formate[END_REF]. For Ag-Bi@GF the overpotential is even smaller with a 100 mV less negative onset potential. However, the competitive hydrogen evolution reaction occurred at less cathodic potential owing to the presence of silver. The catalytic activity of Bi@GF and Ag-Bi@GF towards CO 2 reduction is clear if one compares the linear voltammograms performed under argon. Moreover, the current densities were also more intense than those measured at the bare graphite felt for potentials lower than -1.5 V SCE .

Effect of the applied potential

The catalytic activity of Bi@GF and Ag-Bi@GF was then investigated by electrolysis tests in 0.5 mol L -1 KHCO 3 (pH 7.2) under CO 2 saturation in a flow electrochemical cell (Fig. S1).

For these first experiments, this home-made cell was used instead of the classical flow cell with gas-diffusion electrodes [START_REF] Higgins | Gas-Diffusion Electrodes for Carbon Dioxide Reduction: A New Paradigm[END_REF] since it has previously shown good performances for pollution treatment and it is well-adapted to three-dimensional porous electrode materials [START_REF] Geneste | Catalytic electrochemical pre-treatment for the degradation of persistent organic pollutants[END_REF][START_REF] Lou | Ni-coated graphite felt modified with Ag nanoparticles: a new electrode material for electro-reductive dechlorination[END_REF][START_REF] Lou | Efficient dechlorination of a-halocarbonyl and a-haloallyl pollutants by electroreduction on bismuth[END_REF]. Since the reduction of CO 2 on bismuth in aqueous medium is known to produce formate [START_REF] Su | Ultrathin Bismuth Nanosheets as a Highly Efficient CO 2 Reduction Electrocatalyst[END_REF], the liquid phase was analyzed by ion chromatography (Fig. S4) and the potential-dependent Faradaic efficiency for formate is given in Fig. 7. The analysis of the gaseous phase by GC has also been carried out in order to detect the possible formation of CO and H 2 . For Bi@GF, the highest FE for formate (72 ± 5%) was obtained at a potential of -1.6 V SCE , which indicates that the reduction of CO 2 predominates over hydrogen evolution at this potential. FE was lower than those previously reported with other Bi electrodes (> 90%) [START_REF] He | The p-Orbital Delocalization of Main-Group Metals to Boost CO 2 Electroreduction[END_REF][START_REF] Han | Ultrathin bismuth nanosheets from in situ topotactic transformation for selective electrocatalytic CO 2 reduction to formate[END_REF], whereas the onset potential measured by cyclic voltammetry was quite similar. Since the Bi samples used to deposit silver particles were cut from a Bi graphite felt cuboid, it is likely that some carbon parts contained in such samples are not covered by bismuth. As a result, the presence of this carbonaceous material is probably responsible for the lower selectivity because it is well-known that the reduction of CO 2 at carbon electrodes yields different byproducts [START_REF] Yang | Electrochemistry of Carbon Dioxide on Carbon Electrodes[END_REF]. The average current densities were 1.33 ± 0.06 A cm -3 (227 ± 11 mA cm -2 ) and 0.6 ± 0.1 A cm -3 (110 ± 25 mA cm -2 ) at -1.8 and -1.6 V SCE , respectively, which are among the highest reported values for a bismuth electrode using CO 2 -saturated solutions [START_REF] Su | Ultrathin Bismuth Nanosheets as a Highly Efficient CO 2 Reduction Electrocatalyst[END_REF][START_REF] He | The p-Orbital Delocalization of Main-Group Metals to Boost CO 2 Electroreduction[END_REF]. These results underline the benefit of using a porous electrode with a high surface area for electrocatalytic purposes.

Interestingly, the addition of Ag particles led to higher FE for formate (up to 88 ± 1%) compared with Bi alone for all applied potentials (Fig. 7), although the reduction of CO 2 at

Ag is known to give usually CO [START_REF] Ham | Electrodeposited Ag catalysts for the electrochemical reduction of CO 2 to CO[END_REF]. Such a behaviour has been previously observed for CO 2 reduction at Ag-Bi-S-O composite electrode and attributed to a stronger absorption of reduced CO 2 intermediates on Bi than on Ag [START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF]. Indeed, the high affinity of Bi for the oxygen atom favours the formation of formate against CO [START_REF] Oh | Atomic and Molecular Adsorption on the Bi(111) Surface: Insights into Catalytic CO 2 Reduction[END_REF]. This increase in selectivity corresponds to an increase in the amount of formed HCOO -for potentials of -1.2 and -1.4 V SCE (Table 2).

The role of Ag particles would be to improve the charge-transfer process from electrode to the adsorbed CO 2 due to its high electrical conductivity (Fig. 8) [START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF]. However, for potentials more negative than -1.6 V SCE , the increase of FE is due to a lower volume current density obtained with Ag-Bi@GF compared with Bi@GF since less amount of formate was formed on Ag-Bi@GF. Such a result is however surprising since a higher current would be expected for the Ag-Bi@GF electrode owing to its higher specific surface area (its S BET value was 10 times higher compared with Bi@GF). The passivation of the Ag-Bi@GF electrode by the presence of oxides on its surface was also excluded since Ag-Bi@GF and Bi@GF electrodes were pre-treated before use by a reduction performed at a more cathodic potential (-1.1 V SCE )

than the reduction potential of oxides on Bi [START_REF] Lou | Efficient dechlorination of a-halocarbonyl and a-haloallyl pollutants by electroreduction on bismuth[END_REF] and Ag. A synergistic effect due to electronic interactions between Bi and Ag is unlikely owing to the absence of a crystal growth of Ag on Bi and to the amorphous character of deposited Ag particles, although in situ investigations would be necessary to confirm it. A possible explanation is the increase of local pH due to Ag particles, preventing H 2 from being released efficiently on Bi [START_REF] Zhou | Boosting Electrochemical Reduction of CO 2 at a Low Overpotential by Amorphous Ag-Bi-S-O Decorated Bi0 Nanocrystals[END_REF] and/or the formation of bubbles on the fibers surface, decreasing the active surface area of the electrode. The average total surface current density measured for Ag-Bi@GF reached 76 and 107 mA cm -2 at -1.6 and -1.8 V SCE , respectively (Fig. 9), which is very promising for a CO 2 -saturated solution at atmospheric pressure [START_REF] Zu | Copper-modulated bismuth nanocrystals alter the formate formation pathway to achieve highly selective CO2 electroreduction[END_REF][START_REF] Lv | Electrodeposition of nanosized bismuth on copper foil as electrocatalyst for reduction of CO 2 to formate[END_REF][START_REF] Sun | Molybdenum-Bismuth Bimetallic Chalcogenide Nanosheets for Highly Efficient Electrocatalytic Reduction of Carbon Dioxide to Methanol[END_REF] although the value is lower than the critical one usually admitted for practical applications [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF]. The influence of the flow rate on the FE for formate was examined for the Ag-Bi@GF electrode (Fig. 10). FE for formate was similar considering the standard deviation of FE for the studied range of flow rates. 

Fig. 1 .

 1 Fig. 1. Linear sweep voltammograms of the Bi electrodissolution and the Ag deposition in 5 mmol L -1 AgNO 3 . The detailed composition of the solutions is reported on the figure. Anodic

Fig. 2 .

 2 Fig. 2. SEM images of Bi@GF (a,b) and Ag-Bi@GF (c,d) with (b,d) and without (a,c) acid

Fig. 3 .

 3 Fig. 3. SEM images of Ag-Bi@GF prepared from a solution containing 2 mmol L -1 AgNO 3 and 0.32 (a); 0.64 (b) or 1.25 mmol L -1 PVP (c). Deposition time: 45 min.
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 4 Fig. 4. SEM images of Ag-Bi@GF prepared from a solution containing 1 mmol L -1 AgNO 3 and 0.32 mmol L -1 PVP. Deposition time: 45 (a, b), 30 (c, d) and 20 min (e, f).
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 82 Fig. 8. Proposed mechanism for the selective reduction of CO 2 at the bimetallic electrode
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 9 Fig. 9. Total surface current density measured for Ag-Bi@GF (Ø 10 mm × 1.7 mm) vs electrolysis time at different applied potentials in 0.5 mol L -1 KHCO 3 (pH 7.2) under CO 2
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CO 2 to HCOO -at -1.6 V SCE at the Ag-Bi@GF electrode in 0.5 mol L -1 KHCO 3 (pH 7. A comparison of the catalytic activities of Bi@GF and Ag-Bi@GF towards CO 2 reduction was performed in the optimized conditions (i.e., -1.6 V SCE and 1 mL min -1 ). Fig. 11. Faradaic efficiencies, production rates and average current densities for electrochemical reduction of CO 2 at -1.6 V SCE on Bi@GF and Ag-Bi@GF electrodes in 0.5 mol L -1 KHCO 3 (pH 7.2) under CO 2 saturation. Flow rate: 1 mL min -1 . Error bars are based on two measurements.

As observed in Fig. 11, FE for formate was significantly higher with Ag-Bi@GF than with Bi@GF as previously observed with a flow rate of 2.5 mL min -1 (Fig. 7). The amounts of CO and H 2 produced during the reduction of CO 2 at Ag-Bi@GF and Bi@GF were measured by GC (Fig. S5). The amount of formed CO was very low with a FE of 1-2% for both Bi@GF and Ag-Bi@GF electrodes, confirming that the presence of Ag did not yield a higher amount of CO. Even if hydrogen evolution occurred earlier on Ag, the FE for H 2 was only slightly higher on Bi@GF with 9 ± 1%, against 7 ± 3% for Ag-Bi@GF. Thus, the presence of Ag on the Bi coated GF significantly improved the FE for formate instead of increasing CO and H 2 production.

Under our electrocatalytic conditions (-1.6 V SCE ), the lower current densities measured for Ag-Bi@GF compared with Bi@GF together with almost identical production rate of formate for both electrodes (namely, 8.1 ± 0.9 mmol cm -3 h -1 ) led to a higher FE for formate of the Ag-Bi@GF electrode (Fig. 11). These results confirm that for electrolyses performed at -1.6

V SCE , the presence of Ag on the electrode did not lead to an increased amount of formed CO but to a higher FE for formate due to a lower volume current density.

Stability of Ag-Bi@GF in operation

The stability of Ag-Bi@GF was examined by performing seven successive cathodic electrolyses at -1.6 V SCE with the same electrode material and replacing the electrolytic solution after each electrolysis. After seven electrolyses, 44 mmol cm -3 of HCOO -were accumulated (Fig. 12). However, the FE for formate decreased significantly from 85% to 78% after the second electrolysis, and then decreased more slightly until reaching 70% after the last electrolysis. The FE for H 2 slightly increased after each electrolysis. SEM analysis was performed on the Ag-Bi@GF electrode after the 7 th electrolysis (Fig. S6).

The appearance of the Bi surface changed from a compact layer to thin nanosheets of Bi with different orientations. Moreover, EDS analysis showed the disappearance of Ag from the Bi surface, that could explain the decrease of the FE for formate from 85% to 70%, which is the mean value obtained with Bi@GF (Fig. 7). The removal of Ag particles from the Bi coated fibers can be attributed to gas (H 2 and CO) evolution during the electroreduction of CO 2 and to the weak interactions between amorphous silver and bismuth. Indeed, the mechanical stability of the electrode was ascertained by SEM/EDS analysis after flowing water through the porous electrode in the electrochemical cell for 24h at open circuit (Fig. S7). A better stability could be obtained if a lower potential was used. A good compromise has to be found between the stability and the FE of formate.

Conclusions

A three-dimensional porous bismuth electrode with silver particles of 200-400 nm size was prepared from Bi-coated graphite felt by galvanic displacement reaction. The electrochemical reduction of CO 2 was investigated with Bi@GF and Ag-Bi@GF electrodes in a flow electrochemical cell with one pass of a 0.5 mol L -1 KHCO 3 solution saturated with CO 2 . As it is usually obtained on bismuth electrode, the reduction occurred at -1.3 V SCE on Bi@GF. The reduction of CO 2 at Ag-Bi@GF electrode occurred at a 100 mV less negative potential.

Although the reduction of CO 2 at Ag is known to give CO, the Ag-Bi@GF electrode was found to lead to a low amount of formed CO (1-2%) and to a higher FE for formate when compared with Bi@GF (88% against 70%). The complementary role of Ag and Bi in the catalytic mechanism could explain the higher FE for formate. At -1.6 V SCE , a surface current density of 76 mA cm -2 and a production rate for formate of 62 mg cm -2 were obtained. Such high values for a CO 2 -saturated solution are ascribed to the use of a porous electrode with high specific surface area. These preliminary results are very promising and could be improved by carrying out the reduction of CO 2 at Bi@GF and Ag-Bi@GF in a gas-diffusion cell to improve the concentration of CO 2 at the electrode surface. 
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