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Enhanced electrocatalytic activity and selectivity of glycerol oxidation triggered by nanoalloyed silver-gold nanocages directly grown on gas diffusion electrodes

Au and Pt-based catalysts for efficient alcohols electroreforming in low energy consumption and cogeneration H2, CO2 or N2 electrolyzers. The present method that combines the direct growth, galvanic replacement and nanostructuration provides a smart route to carving out new designs in catalysts nanofabrication in order to target high electrocatalytic performance.

Main text

Electrolysis has been historically a powerful tool to produce a number of inorganic or organic materials. It has experienced a renaissance over the last decade with research efforts seeking low electrical energy consumption platforms for hydrogen evolution reaction (HER) and reaction of CO2 reduction (CO2RR) or N2 reduction (N2RR) in order to electro-synthesize compounds. The counter reaction, i.e., oxidation at the anode is typically the oxygen evolution reaction (OER) that not only occurs at high electrode potential of E ≥ 1.4 V vs reversible hydrogen electrode (RHE), but also uses precious/expensive catalysts (Ru, Ir, Co). [1][2][3] Consequently, a significant portion of the energy required to electrochemically reduce H + /H2O, CO2 or N2 to fuels and chemicals is typically consumed by the accompanying OER. [START_REF] Tatin | Proc. Natl. Acad. Sci[END_REF][START_REF] Bardow | [END_REF][6][7] Given their low oxidation potential (E = 0-1 V vs RHE) compared to OER, the use of organic molecules instead of water molecules greatly lowers the input energy. [START_REF] Bardow | [END_REF]6,[8][9][10] Verma and coworkers reported alternative oxidative reactions using biodiesel-waste in order to achieve not only a low cell voltage, but also a high current density. [START_REF] Bardow | [END_REF]6 More interesting, a tight control over the selectivity is extremely interesting in co-generation systems. Indeed, glycerol, a by-product from several industrial pathways such as biodiesel (100 kg of biodiesel release 10 kg of crude glycerol as side-product 11 ) and fatty acids exceeds by far its consumption. So, a selective oxidation to specific products such as glycolic or formic acid can effectively cut down the cost of electrolysis. 9,12 However, the simultaneous achievement of high activity and selectivity is a challenge. The mostly reported catalysts rely on the chemical or physical reduction of metallic precursors in the presence of a capping agent or surfactant, whereby catalysts are produced in the form of powder or liquid and a relatively high loading of metals of at least 0.1 mg cm -2 is used during the catalysis. 6,8 The used surfactants also limit the accessibility to the entire active sites. In addition, a binder, such as Nafion, is required to immobilize the NPs on a substrate (i.e. glassy carbon) prior to use, which adds a layer of complexity to the fabrication process as well as the loss of efficiency during operation. 13 The combination of seed mediated growth and galvanic replacement methods enables to develop porous and alloyed structures comprising binary/ternary systems. [14][15][16][17][18][19][20][21][22][23] For Au-based materials, Ag routinely acts as the template during the galvanic displacement since the standard redox potential of Ag + /Ag (0.80 V vs. standard hydrogen electrode (SHE)) is lower than that of AuCl4 -/Au (1.00 V vs. SHE). While it was observed that residual Ag could locally stabilizes the surface atomic steps and increase the electrocatalysis, 15 it is still unknown how to rationally incorporate Au during galvanic displacement directly on a 3D gas diffusion electrode (GDE) to subsequently optimize the activity, selectivity and durability of the nanoalloyed and nanoporous catalysts. In addition, the monitoring of the phenomenon of galvanic replacement to directly visualize the change in the galvanic potential and optimize the displacement duration has not yet reported. To address all these challenges, we report in this study a versatile surfactant-and binder-free method to directly grow Ag NPs onto a 3D GDE and further tightly perform a partial replacement of Ag by Au in order to fabricate free-standing electrocatalytic electrodes readyto-use. We found that the incorporation of chloride into the synthesis mixture is critical for tailoring highly porous AgAu decorated carbon paper electrode (GDE@AgAu), thus contributing to its intrinsic high electrocatalytic activity, selectivity and durability towards glycerol oxidation into glycolate (32%) and formate (66%).

To facilitate the implementation in the glycerol electrocatalysis for those AgAu nanoporous and nanoalloyed materials resulting from direct galvanic displacement onto a large surface electrode (GDE, at least 3 cm × 3 cm), we have designed the experiments shown in Scheme 1a.

The experimental procedures are reported in the Electronic Supplementary Information (ESI †).

Herein, the pristine Ag NPs take the advantage of the metal-support interaction and do not have to be involved in a catalytic ink preparation process before immobilization on a substrate during various post-synthesis steps. This is an alternative to conventional galvanic displacement protocols, 19,20,24 whereby the least noble NPs, here Ag, are initially prepared in solution before introduction in a replacement mixture made of the cation of the most noble metal, here Au; the most used being AuCl4 -. Since the introduction of 1 atom of Au requires the removal of 3 atoms of Ag (3Ag + AuCl4 -→ 3Ag + + Au + 4Cl -), the process is expected to yield nanoporous structures. This illustration shows that the galvanic displacement of Ag atoms directly grown at the surface of a GDE's microfibers (template electrode, GDE@Ag) by those of Au leads to a nanoporous and nanoalloyed AgAu strongly attached to the support, and yields a free-standing catalyst (target electrode, GDE@AgAu). As shown in Scheme 1b, the further use of such GDE@AgAu electrode for glycerol electrooxidation reaction (GOE) can replace OER during H2 production by the electrocatalytic protons or water reduction reaction (HER) in aqueous media. More broadly, the illustration shows that any electrochemical reaction is always accompanied by a counter reaction; this dual electrosynthesis is termed "paired electrosynthesis". Hence, in aqueous media, an electro-reduction reaction such as HER, N2RR or CO2, etc. is always coupled with an electro-oxidation; OER or an organic molecule such as glycerol (refs. [5,6]). The overall required energy being the difference between the electrode potentials of the two processes, it becomes obvious that GOR enables lowering significantly the total consumed electrical energy. Fig. S1a (ESI †) of the control linear sweep voltammetry (LSV) demonstrates that the introduction of the ammonia solution (NH4OH) to form a [Ag(NH3)2] + complex (R = n(NH4OH)/n(Ag + ), referred to as Rx, x = 0, 4) is accompanied by the decrease of the reduction potential. In fact, the complexation of Ag + by NH3 leads to a strong decrease of the standard redox potential of Ag(I) from 0.80 to 0.37 V vs SHE. This enables lowering the reduction kinetics in order to have a tight control on the seeds growth into homogeneous particles. The electrochemical program to grow directly Ag NPs onto GDE support of 3 cm × 3 cm (one side) is composed of an OFF step (Iappl = 0 mA, tOFF = 5 s), an ON step (Iappl = -4.5 mA, i.e., jappl = -0.5 mA cm -2 , tON = 5 s) and Ncycles = 126 (0.15 mM AgNO3) or 252 (0.30 mM AgNO3) as the total cycles to allow the seeds formation and electrode relaxation (Fig. S1b, ESI †). Fig. 1a shows the cyclic voltammetry (CV) profiles of the as-synthesized CP-Ag electrodes at different ratios of R0 and R4. The oxidized silver during the forward scan is reduced during the backward scan at ca. 1.1 V vs RHE (the calibration curve vs the mercury-mercury oxide electrode (MOE) is reported in Fig. S2,ESI †). The reduction peak area of Ag2O with a monolayer charge of 420 μC cm -2 was considered to determine the electrochemically active surface area (ECSA inset of Fig. 1a). The ECSA of CP-Ag-R4 is 4.4× higher in comparison to CP-Ag-R0. This indicates that the introduction of a complexation step has a beneficial effect, which could be attributed to the reduction of the NPs size as well as a better distribution of NPs over the electrode surface. 25,26 A further increase of the AgNO3 concentration is accompanied by an augmentation of the ECSA. We further examined numerous scanning electron microscopy (SEM) and energydispersive X-ray (EDX) images to determine the coverage of GDE's fibers by Ag NPs (Figs. 1b-f4). The SEM of the pristine GDE shows fibers (filled tubes) with a diameter of 7-9 µm (Fig. ESI †). This suggests that NPs are preferentially deposited at the surface of the first three layers of the GDE on a total of approximately 25, which is similar to previous observations with metallic nanostructures obtained by chemical reduction onto GDE. 13 In that case, it has been argued that the metal salt within the GDE interior diffuses towards the surface. The present observation can more rationally be explained by the applied electrical field between the working and counter electrodes in which the most exposed fibers allow the easy grow of particles. This means that the first step of the reduction of metal salts takes place at the external fibers' surface and then, the formation of the first seeds' layer of particles acts as an active site where a further reduction occurs. As shown in Figs. 1f1-f4 (and Figs. S3, S4-8, Table S1, ESI †), the maps of Ag and C confirm the homogeneous distribution.

The previous results demonstrate that we were able to manipulate the synthesis towards different localizations in the 3D structure of the GDE. So, having demonstrated the ability to use NH3 as a non-organic capping or surfactant agent to homogeneously grow Ag NPs directly onto a GDE support, we sought to study more carefully the conditions that enable a partial galvanic displacement of Ag atoms by those of Au for a better glycerol electrocatalysis. Since the GDE@Ag electrode has been obtained in KNO3 electrolyte, we firstly implemented the galvanic replacement in KNO3 solution (referred to as GR(KNO3)) and secondly in pure water (referred to as GR(H2O)) to evaluate the impact on the replacement process. The objective was to mimic the GDE@Ag synthesis and determine whether Au(III) species could be injected directly into the Ag synthesis reactor once Ag NPs were formed or not. To evaluate the influence of the reaction duration on the growth and subsequently the morphology or electrocatalytic ability of particles, we quenched the reaction at different times. Figs. 2a-b show the CV profiles of the as-synthesized GDE@AgAu electrodes in the absence of glycerol. Those of the electrocatalytic performance in the presence of glycerol are depicted in Fig. 2c and Fig. S9 (ESI †). The CVs show that the material with the largest area of the Ag2O reduction peak GR(KNO3)-30min is not necessary the one which gives the highest peak current density during the electrocatalytic glycerol oxidation. Specifically, for the materials obtained by galvanic displacement in KNO3, the best kinetics and lowest charge transfer resistance (Fig. S9, ESI †) at potential E ≤ 1 vs RHE is GR(KNO3)-30min. For higher potentials, GR(KNO3)-10min becomes the best with a peak current density of jp = 140 mA cm -2 in comparison to jp = 70 mA cm -2 for GR(KNO3)-30min. For the materials synthesized in water, GR(H2O)-5min is the most active catalyst with jp = 171 mA cm -2 . A longer duration results in a decrease of the performance, presumably because of the oxidative etching of the formed nanostructures and the excess formation of the insoluble AgCl. 27,28 The last hypothesis is supported by SEM and EDX observations (Figs. 2d-g, Fig. S10-14, ESI †) that show more AgCl nanocubes. Quantitative EDX in Fig. 2h and Tables S2-5 (ESI †) support the significant presence of chloride in the materials. The gold content is below 20 at%. However, the galvanic replacement was targeting to fabricate a bimetallic AgAu material in which the gold content is about 80 at%. Those results indicate that the maximum concentrations of chloride and silver ions in the final reaction solution lead to [Ag + ]×[Cl -] that falls below the solubility product of AgCl, Ks = 1.8×10 -10 at 20 °C. 23 Since the AgCl precipitate can be easily dissolved with a saturated NaCl solution (further called "brine solution") through the coordination reaction AgCl(s) + 3Cl -(aq) → AgCl4 -(aq), 23,29 we next tested the catalytic performance of three types of materials derived from GR(H2O)-5min: the sample was thoroughly washed with NaCl after drying (referred to as GR(H2O)-driedwashed(NaCl)), the sample was immediately washed with NaCl (referred to as GR(H2O)washed(NaCl)), or NaCl was directly dissolved in the galvanic displacement water (referred to as GR(NaCl)). Fig. 3a shows the CVs normalized by the geometric surface area and those with the metal content are reported in Fig. 3b. A comparison is made with the commercial Vulcan-Au (20 wt% Au/C) and the homemade CP-Au (Fig. S15, ESI †). Among the tested conditions for the galvanic displacement, jp = 150, 173 and 290 mA cm -2 for GR(H2O)-driedwashed(NaCl), GR(H2O)-washed(NaCl), and GR(NaCl), respectively. This suggests that the optimal surface composition and morphology of the AgAu particles after the galvanic displacement is reached when the latter is done directly in the presence of an excess amount of chloride. Controls experiments have been carried out with duration much shorter (2 min) and longer (10 min); and lower catalytic activities were observed. For CP-Au and Vulcan-Au, jp = 84, and 44 mA cm -2 , respectively. Those peak current densities are 3.5× and 6.5× times lower in comparison to GR(NaCl). The bulk gold content determined by inductively coupled plasma optical emission spectrometry (ICP-OES) is 0.17 wt% for GR(NaCl) (i.e. 16 µgAu cm -2 ) and 0.75 wt.% for CP-Au (i.e. 68 µgAu cm -2 ). So, in terms of the mass-activity, jp = 18.2, 1.2, and 2.8 A mgAu -1 for GR(NaCl), CP-Au, and Vulcan-Au, respectively. This represents about one order of magnitude increase of the catalytic activity for the material obtained by the galvanic displacement. Table S6 (ESI †) gathers the comparative performance of relevant glycerol electrooxidation reaction on metallic catalysts in alkaline media from literature, wherein jp is 20 to 70 mA cm -2 (geometric surface area), 0.2 to 4 A mgAu -1 (gold content) and the metal loading is relatively high, about 30-500 µgAu cm -2 . 8,14,[30][31][32][33][34][35] Furthermore, a low onset potential (Eonset) of ca. 0.3 V vs RHE was achieved with catalyst from GR(NaCl). It can thus be concluded that the electrocatalytic kinetics of the present GDE@AgAu free-standing electrocatalyst is higher than relevant values for the conventional chemically synthesized Au NPs by an order of magnitude and outperformed all data reported in the literature for metal and metal alloy-based electrocatalysts. It should be noted that ECSA cannot be precisely determined for a bimetallic AgAu electrode because there is a common potential window where the oxides of both involved metals are reduced and there is no reference value for the monolayer charge. Even though the ECSA of AgAu cannot be fairly evaluated for a comparison with the monometallic GDE@Au and Vulcan-Au materials, Fig. S16 (ESI †) report an estimation of the performance by normalizing the current by the ECSA or both the ECSA and the Au weight. The results still show a significant enhancement of the performance for the bimetallic electrode. For Au/C and GDE@AgAu, jp = 27 mA cm -2 Au (= 3.3 mA cm -2 Au µg -1 Au) and 92 mA cm -2 Au (= 22.9 mA cm -2 Au µg -1 Au), respectively. In addition, ECSA is about 2, 11 and 20 m 2 g -1 Au for GDE@Au, commercial Vulcan-Au and GDE@AgAu, respectively. The enhanced electrocatalytic characteristics of GDE@AgAu are explained by the absence of any organic contaminants or protective ligands on their surface and by the possible porous and alloyed structure (will be fixed in the next sections). Indeed, Li et al. 15 observed that residual Ag could stabilize the surface active sites during not only the dealloying of Au-Ag-Cu ternary alloy nanoparticles, but also the electrocatalytic oxidation of alcohols. Authors have observed that while the binding energy of the Au 4f peak remains essentially unchanged in regards to that of bulk Au, both Cu 2p and Ag 3d peaks significantly down-shift by 0.4 and 0.5 eV, respectively compared to their bulk materials. Thus, the present high efficiency could indicate that a fine balance has been achieved between the introduced Au and remaining Ag within the 3D materials to maximize the catalytic performance.

To gain a deeper understanding on the origin of the exceptional electrocatalytic performance of the GR(NaCl) material, we next utilized the electrochemical impedance spectroscopy (EIS, Fig. S17 (ESI †)). The obtained results are shown in Fig. 3c in terms of the complex-plane Nyquist impedance plots and Fig. 3d by the Tafel plots. The representative equivalent electrical circuit that best describes the electrocatalytic interface is R+QCPE//Rct and shown in Fig. 3c (Tables S7-9 (ESI †) resume the fitted data) wherein R is the ohmic resistance or the uncompensated resistance, Rct is the charge transfer resistance and QCPE is the constant phase element to model "imperfect" capacitance of the double-layer. [START_REF] Lasia | Electrochemical Impedance Spectroscopy and its Applications[END_REF][START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] The lowest values of Rct (inversely proportional to the standard rate constant k°, thus the exchange current density j0) and Tafel slope (semi-quantitative indicator of charge-transfer kinetics and/or mechanisms) for CP-AgAu electrode confirm its excellent ability for fast electron transfer. Furthermore, the CVs collected at different scan rates (v) in the presence of glycerol and the plot of log(jp) vs log(v) suggest that the overall reaction is limited by the adsorption, diffusion and electron transfer (Fig. S16,(ESI †)). In fact, glycerol electrooxidation is a multi-proton and multi-electron transfer process, at least two electrons and two protons are transferred to electro-oxidize the primary or secondary alcohol function. 8,9,12,35 Hence, the previous outcomes demonstrate only our ability to regulate the kinetics of those processes. Suitability of GDE@AgAu electrodes for wider applications in the heterogeneous electrocatalysis may require lower number of electrons. So, we next theorized a same trend. To validate such hypothesis, we then electrochemically scrutinized the quasi-reversible redox probe Fe(CN)6 3-/Fe(CN)6 4-. Therefore, in order to provide a better qualitative and quantitative analysis of the electrochemical parameters, we used two different methods, namely the peak-to-peak separation ΔEp between the anodic and cathodic peaks on a CV (Fig. 3e) and the EIS at the open circuit potential (OCP) (Fig. 3f, Figs. S10-11 (ESI †). The above equivalent electrical circuit is modified to add in serial with Rct, a Warburg element (W) to model the mass transport, i.e., diffusion. [START_REF] Lasia | Electrochemical Impedance Spectroscopy and its Applications[END_REF][START_REF] Orazem | Electrochemical Impedance Spectroscopy[END_REF] k°(10 -3 cm s -1 ) = 0.3, 0.7, 2.0 for CP, CP-Ag and CP-AgAu, respectively. Those data correspond to a significant enhancement of the electrochemical kinetics of CP by factor of 2.3 upon the growth of Ag and a factor of 6.7 following the galvanic displacement. The trend can be translated to as a decrease of Rct, which is confirmed by EIS where Rct = 1844, 627, 170 and 38  cm 2 for CP, CP-Ag, CP-AgAu and Pt-bulk, respectively. It features the ability to regulate the kinetics of electrodes as previously seen.

S18-19 and Tables

Having demonstrated the ability to use brine solution to improve the electrocatalytic efficiency of materials resulting from the galvanic displacement, we sought to study the composition and morphology more carefully. To these ends, we combined physical techniques of SEM, EDX, X-ray photoelectron spectroscopy (XPS) and small angle X-ray scattering (SAXS). For the sample GR(H2O)-washed(NaCl), SEM images in Figs. 4a-b (and Fig. S20 (ESI †)) show the formation of porous donut-like nanostructures, which could be explained by the dissolution of AgCl so that the material reconstruction is not possible. For the GR(NaCl) material, SEM images in Figs. 4c-f (and Fig. S21,ESI †) highlight the formation of a nanocage structure, which is similar to AgAu materials routinely obtained by the galvanic displacement, but in solution. 15,19,20,23,24 The EDX maps of Figs. 4g-i underscore important current trends that the obtained metals are not oxidized. For the GR-5min, the doublet of gold metal are situated at 84.0 eV for Au 4f7/2 and 87.7 eV for Au 4f5/2 while those of Ag 3d5/2 and Ag 3d3/2 are situated at 367.9 and 373.9 eV, respectively. For the GR-0min, silver metal is situated at 368.2 eV for Ag 3d5/2 and 374.2 eV for Ag 3d3/2. This indicates a negative shift of about 0.3 eV in bimetallic material. Similar observations have been reported by Li et al. 15 where the binding energy of the Au 4f peak remains unchanged while Ag 3d peak down-shifts by 0.5 eV. So, it appears that in addition to the highly nanoporous structure, both Ag and Au elements are forming an alloyed phase in which there is a strong electronic interaction between silver and gold. Quantitative data from EDX (Figs. S22-23, Tables S12-13 (ESI †)) are displayed in Fig. 4l and compared with the results from XPS in the case of GR(NaCl). When the galvanic replacement is performed in H2O and then immediately washed by NaCl, the remaining chloride represents 5 at% (considering Ag, Au and Cl species). By carrying out directly in NaCl, all the chloride is removed and the final atomic ratio is Ag/Au = 10:90 by XPS and 13:87 by EDX. Hence, the results testify that we successfully realized the partial galvanic replacement of Ag atoms by those of Au directly at the surface of free-standing GDE. SAXS analyses were conducted on GDE, GDE@Ag and GDE@AgAu (Figs. 4m-n). Fig. 4n shows that the graphite (002) peak at 18.8 nm -1 overlap well in all samples, meaning that the graphitic carbon amount remains constant. The (111) Bragg peak from Ag is visible at ~27 nm - 1 for GDE@Ag, but absent in GDE@AgAu. This highlights the alteration of the Ag crystalline structure. SAXS profiles show a Porod regime in the 0.5-3 nm -1 range, revealing sharp interfaces at nanoscale. Interestingly, GDE@AgAu shows high intensity for scattering vectors lower than 0.4 nm -1 . This confirms the presence of new nanoscale objects. Conclusively, the combination of nanoscale defects in the channels, pore walls and bifunctional/ligand effects 15,31,32,35,[START_REF] Nguyen | [END_REF]39 explained the substantial improvement of the catalysis of the GDE@AgAu material.

To gain deeper insights about the galvanic displacement in brine solution and why the reaction duration of 5 min gave the best electrocatalytic activity, we designed an experiment to determine the electrode potential of CP-Ag following the addition of AuCl4 -. Fig. 5a shows the OCP profiles for two different CP-Ag free-standing electrodes. Initially, OCP is about -0.13 V vs Ag/AgCl. Upon the one-pot injection of Au(III), there is a first sharp increase towards +0.03 V vs Ag/AgCl, followed by a stabilization before a second important increase to yield a steadystate OCP = +0.69 V vs Ag/AgCl. Those three characteristic domains could be assigned to the following processes. The first is attributed to an undefined potential of an Ag electrode immerged in a not degassed NaCl solution (OCP = -0.13 V vs Ag/AgCl). The second is a fabricated "pseudo Ag/AgCl electrode" after the first galvanic displacement so that the recorded OCP is just the potential difference between two Ag/AgCl reference electrodes (that is why OCP is quiet zero). Given the composition of Ag10Au90 after the galvanic replacement, the third is the potential of an "Au-like" electrode immerged in a not degassed NaCl solution containing AuCl4 -since E°(AuCl4 -/Au) = 1.0 V vs SHE, about 0.8 V vs Ag/AgCl. The exact origin of the spikes is unknown, but they could be the consequence of a mass substitution of Ag atoms as well as the nanostructuration of particles in the presence of O2 and Cl -; those species form a strong oxidative etching agent. 21 From Fig. 5a, it becomes clear that 5 min is the optimal duration for the galvanic displacement in a brine solution, which supports the previous results.

We further run the long-term bulk glycerol electrolysis to simultaneously evaluate the reaction selectivity as well as the accelerated ageing on the catalyst's morphology and composition. Fig. 5b shows the evolution of the oxidation current (I) and quantity of electricity (Q) during a 3 h electrolysis. Given the 3D nanostructure of the GDE@AgAu material, we utilized a programmed potential electrolysis (PPE) to facilitate the mass transport by repeating potentiostatic discharging cycles of 10 s ON (E = Eappl = 1.246 V vs RHE, no iR-drop correction) and 10 s OFF (E = OCP). The results show a good stability. Fig. 5c displays the chromatograms obtained from HPLC analysis (Table S14, ESI †) while Fig. 5d shows the selectivity trend for identified products after electrolysis; Fig. S25 (ESI †) for the standards.

While many products used to be obtained at metallic electrocatalysts, 35,[40][41][42] only two main products have been obtained in this study, for instance formic and glycolic acids at the selectivity of 66 and 32%, respectively (oxalic acid is 1.8%, glyceric acid is 0.7 % and tartronic acid 0.1%). The determined exchanged number of electrons that are transferred is about 6, which is in agreement with the production of the carboxylate forms of those products in alkaline media so that the faradaic yield is about 86%. Based on chromatographic analyses and in order to account the glycerol electrooxidation, Scheme S1 was proposed for glycerol electrooxidation on the as-synthesized silver-gold nanoporous and nanoalloyed nanocatalysts in alkaline media.

Given the high selectivity towards formate, we postulated that it was produced by two parallel pathways, one from glycerate and another from glycolate. Finally, Figs. 5e-j show the postmortem SEM, HRSEM and EDX after the electrolysis. Interestingly, HRSEM analyses do not show any morphology modification; hence the material keeps its nanoporous structure. EDX spectra and quantitative data are reported in Fig. S26 and Table S15 (ESI †). The atomic ratio Ag/Au is about 18:82, a slight change when compared to raw material (13:87). It can thus be summed up that the electrode exhibits good electrochemical stability.

Conclusions

In summary, a novel class of electrode material, composed of a gas diffusion electrode (GDE) decorated by metallic silver-gold nanoporous and nanoalloyed particles, was fabricated to selectively electro-oxidize glycerol in alkaline media. The newly developed convenient approach without introducing any template or organic surfactant enables simplifying the various preparation and post-synthesis steps. The nanoparticles were directly attached to the GDE so that there was no need to prepare a catalytic ink, which enabled bypassing the use of binders, avoiding active sites obstruction, minimizing nanoparticles detachment from the electrode, and preventing particles agglomeration. Owing to its nanoporous and nanoalloyed features, the as-synthesized free-standing GDE@AgAu electrode demonstrated a drastic enhancement of the electrocatalytic performance with an onset potential below 0.5 V vs RHE and a record current density of 18 A mgAu -1 (290 mA cm -2 ). This is at least one order of magnitude larger than the tested commercial Au/C catalyst under our conditions and other reported mono-and multi-metallic electrocatalysts. The material also exhibited an unprecedented selectivity in glycerol electrooxidation, whereby only two products of high interest, formate (66%) and glycolate (32%) have been obtained. This study contributes toward advances in the design of efficient and low energy input anode to be coupled with emerging hydrogen evolution (HER), CO2 reduction reaction (CO2RR) or N2 reduction reaction (N2RR) in order to electro-synthesize high value-added fuels and chemicals. 

  1b and Fig. S3, ESI †). Since the thickness is 190 µm, it can be deduced that the entire 3D network is composed of ca. 27-21 layers of microfibers. We first observed that in the absence of NH3 ligand (Figs. 1c1-c2), the Ag NPs are randomly distributed on the surface of the microfibers with much agglomeration. Upon the introduction of NH3, homogenous Ag NPs are obtained; about 10-50 nm for particles situated at the surface of the first layer of microfibers (Figs. 1d1-d2 and Fig. S4, ESI †). Figs. 1e1-e2 and Fig. S5, ESI † show the images for a higher concentration of AgNO3 where the surface coverage by Ag NPs is much important. The size of NPs is much smaller for those situated inside the 3D network of microfibers (Figs. S4 and S6,

  show the homogeneous distribution of Ag and Au atoms, supported by EDX spectra (Figs. S22-23, ESI †). The high-resolution XPS spectra of Au 4f and Ag 3d regions are depicted in Figs. 4j-k (and Fig. S24, ESI †), which

Scheme 1 .

 1 Scheme 1. Sketch of electrode fabrication for the bioeconomy production of value -added fuels or chemicals. (a) Schematic illustration of the process of galvanic displacement (GR) of Ag atoms by those of Au directly at the surface of a gas diffusion electrode (GDE), leading to nanoporous structures. (b) Typical half-cell polarization curves illustrating the working principle of different scenarios of cogenerative electrosynthesis that couple a process at negative electrode (cathode, (-)) to one at positive electrode (anode, (+)).

Fig. 1 .

 1 Fig. 1. Characterization of template electrodes. (a) iR-free CVs recorded at 50 mV s -1 in 1 M KOH and 25 °C (in inset the profiles of the corresponding ECSA) for the as-synthesized materials at AgNO3 concentration of 0.15 and 0.30 mM for different ratios R(= n(NH4OH)/n(AgNO3)) = 0 and 4. SEM micrographs of Ag grown onto a GDE for different ratios: (c1, c2) R = 0 and 0.15 mM AgNO3, (d1, d2) R = 4 and 0.15 mM AgNO3; (e1, e2) R = 4 and 0.30 mM AgNO3. (f1-f4) SEM and EDX elemental maps (scale bar = 5 µm) for GDE@Ag obtained with R = 4 and 0.30 mM AgNO3: (f2) C, (f3) Ag, (f4) C+Ag.

Fig. 2 .

 2 Fig. 2. Characterization and performance of GDE@AgAu materials obtained by galvanic displacement (GR) performed in KNO3 or H2O. (a) iR-free CVs (50 mV s -1 , 1 M KOH, 25 °C) for GR performed in KNO3. iR-free CVs (50 mV s -1 , 1 M KOH, 25 °C) in the absence (b) and presence (c) of 0.1 M glycerol for GR performed in KNO3 or H2O. SEM images for GR performed in KNO3: (d) 4 h and (e) 30 min and its corresponding EDX elemental maps (Ag, Au, and Cl from top to down). SEM images for GR performed in H2O: (f) 10 min and (g) 5 min. (h) Atomic composition from EDX maps: error bars represent 1 SD (n ≥ 3).

Fig. 3 .

 3 Fig. 3. Comparative performance of the commercial Vulcan-Au and the as-synthesized CP-Ag, CP-Au, CP-AgAu materials obtained by galvanic displacement (GR) in either H2O before washing by a brine

Fig. 4 .

 4 Fig.4. Morphological and compositional characterization of the as-synthesized GDE@AgAu materials by the galvanic replacement (GR). (a, b) SEM/HRSEM images of the as-synthesized GDE@AgAu material by GR performed in H2O (5 min) and subsequently washed with a brine solution, referred to as GR(H2O)-washed(NaCl). (c-f) SEM/HRSEM images of the as-synthesized GDE@AgAu material by GR performed in a brine solution, referred to as GR(NaCl). (g-i) EDX mapping (scale bar = 5 µm) of GR(NaCl) material: (g) Au+Ag, (h) Ag, and (i) Au. (j, k) High-resolution XPS spectra of GR(NaCl) material: (j) Au 4f and (k) Ag 3d. (l) Atomic composition from EDX and XPS: error bars represent 1 SD (n ≥ 3). (m, n) SAXS patterns of the pristine GDE (black), GDE@Ag (blue), and GDE@AgAu (red). The black dashed line represents a q-4 Porod power law: Panel (n) is a magnification of the wide angles.
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 5 Fig. 5. Study of the galvanic replacement (GR) in the brine solution and the efficiency of the obtained GDE@AgAu material. (a) OCP profiles recorded during GR (3.5 M NaCl, room temperature, gentle stirring) at two different CP-Ag free-standing electrodes. (b) Evolution of the oxidation current (I, left y-axis) and quantity of electricity (Q, right y-axis) during a 3 h long-term electrolysis (1 M KOH, 0.1 M glycerol, 25 °C) performed by repeating potentiostatic discharging cycles of 10 s ON (E = Eappl = 1.246 V vs RHE, no iR-drop correction) and 10 s OFF (E = OCP). The corresponding: (c) chromatograms obtained from HPLC analysis (Eluent: 3 mM H2SO4; injection: 25 μL; column: BP-OA Benson 2000-0, 30 cm, room temperature of 22 ± 2°C) and (d) Selectivity trend. Post-mortem SEM and EDX (for mapping, scale bar = 5 µm) of the GDE@AgAu electrode after bulk electrolysis for 3 h.
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