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Introduction

Gold nanoparticles (AuNPs) and nanoporous gold, as well as metallic nanostructured films are becoming popular as electrode materials for electrocatalysis. These electrodes are attractive due to their large electrochemical surface area, excellent chemical stability, high conductivity and biocompatibility [START_REF] Seker | Nanoporous Gold: Fabrication, Characterization, and Applications[END_REF][START_REF] Erlebacher | An Atomistic Description of Dealloying Porosity Evolution, the Critical Potential, and Rate-Limiting Behavior[END_REF]. Several techniques are used to prepare three-dimensional gold electrodes mainly based on (i) the immobilization of already synthesized nanoparticles by drop-casting, layer-by-layer methods and entrapment in a sol gel matrix [START_REF] Neto | Hybrid nanocatalysts containing enzymes and metallic nanoparticles for ethanol/O2 biofuel cell[END_REF][START_REF] Murata | Direct electrochemistry of bilirubin oxidase on threedimensional gold nanoparticle electrodes and its application in a biofuel cell[END_REF][START_REF] Andoralov | Biofuel cell based on microscale nanostructured electrodes with inductive coupling to rat brain neurons[END_REF][START_REF] Crespilho | A strategy for enzyme immobilization on layer-by-layer dendrimer-gold nanoparticle electrocatalytic membrane incorporating redox mediator[END_REF][START_REF] Karczmarczyk | Electrocatalytic glucose oxidation at gold and gold-carbon nanoparticulate film prepared from oppositely charged nanoparticles[END_REF][START_REF] Wang | Direct electron transfer between cytochrome c and a gold nanoparticles modified electrode[END_REF], or (ii) the direct preparation of nanoparticles on electrode surface by electrochemical deposition, sputtering followed by dealloying, chemical reduction, seed-mediated growth and ion implantation [START_REF] Kang | An electro-catalytic biosensor fabricated with Pt-Au nanoparticle-decorated titania nanotube array[END_REF][START_REF] Praig | Seed-mediated electrochemical growth of gold nanostructures on indium tin oxide thin films[END_REF][START_REF] Scanlon | Characterization of nanoporous gold electrodes for bioelectrochemical applications[END_REF][START_REF] Tuncagil | Gold nanoparticle modified conducting polymer of 4-(2,5-di(thiophen-2-yl)-1H-pyrrole-1-l) benzenamine for potential use as a biosensing material[END_REF][START_REF] Fu | Nonenzymatic glucose sensor based on ITO electrode modified with gold nanoparticles by ion implantation[END_REF]. These techniques use high metal loading (20-40 wt.%) [START_REF] Neto | Hybrid nanocatalysts containing enzymes and metallic nanoparticles for ethanol/O2 biofuel cell[END_REF], and since gold is an expensive material, they are mostly adapted for small electrode areas, and require strong reducing agents (boron hydride) and thiol groups for nanoparticles stabilization [START_REF] Karczmarczyk | Electrocatalytic glucose oxidation at gold and gold-carbon nanoparticulate film prepared from oppositely charged nanoparticles[END_REF][START_REF] Wang | Direct electron transfer between cytochrome c and a gold nanoparticles modified electrode[END_REF].

Thanks to their catalytic efficiency and biocompatibility, AuNPs can be used either coimmobilized with redox enzymes or as the main catalyst. Three-dimensional gold nanoparticles electrodes have been widely applied to direct electron transfer reactions of redox enzymes [START_REF] Putzbach | Immobilization techniques in the fabrication of nanomaterial-based electrochemical biosensors: a review[END_REF][START_REF] Murata | A Simple Fabrication Method for Three-Dimensional Gold Nanoparticle Electrodes and Their Application to the Study of the Direct Electrochemistry of Cytochromec[END_REF][START_REF] Salaj-Kosla | Direct electron transfer of bilirubin oxidase (Myrothecium verrucaria) at an unmodified nanoporous gold biocathode[END_REF][START_REF] Tominaga | Electrocatalytic oxidation of glucose at gold nanoparticle-modified carbon electrodes in alkaline and neutral solutions[END_REF][START_REF] Falk | Biofuel cell as a power source for electronic contact lenses[END_REF][START_REF] Neto | Coimmobilization of gold nanoparticles with glucose oxidase to improve bioelectrocatalytic glucose oxidation[END_REF], which can afford higher enzyme loading, better orientation by chemical modification and more efficient electrical contact. From examples found in the literature, AuNPs electrodes have shown to improve biofuel cells performance [START_REF] Boland | A glucose/oxygen enzymatic fuel cell based on redox polymer and enzyme immobilisation at highly-ordered macroporous gold electrodes[END_REF][START_REF] Wang | Mediatorless sugar/oxygen enzymatic fuel cells based on gold nanoparticle-modified electrodes[END_REF] and glucose biosensors detection [START_REF] Tominaga | Electrocatalytic oxidation of glucose at gold nanoparticle-modified carbon electrodes in alkaline and neutral solutions[END_REF][START_REF] Jia | A Method to Construct a Third-Generation Horseradish Peroxidase Biosensor Self-Assembling Gold Nanoparticles to Three-Dimensional Sol-Gel Network[END_REF] compared to planar electrodes. Additionally, AuNPs exhibit good activity toward glucose oxidation (with typical current values ranging from some hundreds of µA to a few mA) due to their large surface area, high number of active sites and resistance to surface poisoning during electrochemical processes [START_REF] Karczmarczyk | Electrocatalytic glucose oxidation at gold and gold-carbon nanoparticulate film prepared from oppositely charged nanoparticles[END_REF][START_REF] Matveeva | Direct d-Glucose Oxidation over Noble Metal Nanoparticles Introduced on Polymer and Inorganic Supports[END_REF][START_REF] Pasta | Alkaline glucose oxidation on nanostructured gold electrodes[END_REF]. Hybrid biofuel cells, unlike fully enzymatic ones, present only one enzymatic electrode (bioanode or biocathode), while the other is catalyzed by nanometallic catalysts. In enzymatic BFCs, the enzymes offer high reactant specificity and high reaction rate. Glucose oxidase has been widely studied in glucose biofuel cells through MET-type catalysis (Mediated Electron Transfer) with the use of mediators such as ferrocene [START_REF] Meredith | High Current Density Ferrocene-Modified Linear Poly(ethylenimine) Bioanodes and Their Use in Biofuel Cells[END_REF] or osmium complexes [START_REF] Mano | Characteristics of a Miniature Compartment-less Glucose-O2 Biofuel Cell and Its Operation in a Living Plant[END_REF][START_REF] Shao | Optimization of a Membraneless Glucose/Oxygen Enzymatic Fuel Cell Based on a Bioanode with High Coulombic Efficiency and Current Density[END_REF] or through DETtype catalysis (Direct Electron Transfer) with the introduction of nanomaterials including carbon nanotubes, graphene or gold NPs [START_REF] Neto | Coimmobilization of gold nanoparticles with glucose oxidase to improve bioelectrocatalytic glucose oxidation[END_REF]. However, the limited stability and regeneration of the enzymes hinder the potential use of enzymatic glucose BFC for long-term operation. An alternative option is thus the use of abiotic catalysts with high catalytic activity toward glucose oxidation and efficient stability that makes them more suitable for long-term applications. The non-selectivity of abiotic glucose catalysts can be easily overcome by the addition of a separation membrane. In our previous studies, we reported the construction of hybrid biofuel cells involving an abiotic anode and an enzymatic cathode that can potentially convert chemical energy into electricity [START_REF] Holade | Insights on Hybrid Glucose Biofuel Cells Based on Bilirubin Oxidase Cathode and Gold-Based Anode Nanomaterials[END_REF][START_REF] Engel | One-Pot Route to Gold Nanoparticles Embedded in Electrospun Carbon Fibers as an Efficient Catalyst Material for Hybrid Alkaline Glucose Biofuel Cells[END_REF]. The devices were made of self-standing electrospun carbon electrodes modified by Au NPs at the anode for the electrocatalytic oxidation of glucose and by the enzyme bilirubin oxidase (BOD) at the cathode for the electrocatalytic reduction of dioxygen. The abiotic anodes were obtained either by the direct synthesis of the nanoparticles supported on carbon Vulcan ® and deposited on the electrode surface [START_REF] Holade | Insights on Hybrid Glucose Biofuel Cells Based on Bilirubin Oxidase Cathode and Gold-Based Anode Nanomaterials[END_REF], or by the formation in situ of the nanoparticles embedded in electrospun carbon fibers [START_REF] Engel | One-Pot Route to Gold Nanoparticles Embedded in Electrospun Carbon Fibers as an Efficient Catalyst Material for Hybrid Alkaline Glucose Biofuel Cells[END_REF]. The electrodes were characterized by gold loadings of 21 and 12.2 wt.%, respectively, determined by thermogravimetric analysis. These results clearly showed the advantage to preparein situ the nanoparticles to form very stable carbon-gold bonding with well dispersed AuNPs on the electrode surface to enhance the long-term stability of our devices.

Considering the importance of the bonding stability between the NPs and the electrode material, the aim of this work is to propose a new simple method to prepare gold particles attached on a commercial porous carbon template that affords conformal coating and homogeneous dispersion of the gold onto the electrode surface. The technique is applied to prepare Au@CF material with the objective of using a very low gold loading (0.2 wt%). Besides, compared to our previous studies, the bioelectrode is prepared by connecting AuNPs directly to the enzymes instead of using MWCNTs to establish electrical contact. The Au@CF material is obtained from the electrodeposition of gold salts on a porous carbon felt followed by a subsequent thermal treatment at 1000°C under nitrogen gas flow to induce the dewetting of gold [START_REF] Bechelany | Synthesis Mechanisms of Organized Gold Nanoparticles: Influence of Annealing Temperature and Atmosphere[END_REF], and the formation of well-crystallized gold particles that exhibit large surface area. The benefits of this synthetic route is achieving a free-standing material with (i) increased reactive surface area induced by the Au nanoparticles for high enzyme loadings, and (ii) high mass transport of reactants thanks to the porous carbon template.

To our knowledge, this is the first time that this synthesis approach is used to confine gold particles in a three-dimensional electrode applied to the development of hybrid biofuel cells.

Structural properties of the new Au@CF material are characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and thermogravimetric analysis (TGA). We focus on the electrocatalyic properties of this new material regarding both the abiotic glucose oxidation in alkaline medium and the enzymatic dioxygen electroreduction. The enzyme BOD, known to promote the four-electron reduction of oxygen directly to water [START_REF] Scott Calabrese Barton | Enzymatic Biofuel Cells for Implantable and Microscale Devices[END_REF], was chosen to perform DET. DET allows avoiding the problems associated with the use of redox mediators like limited stability, potential toxicity and lower electrode potential. As DET depends significantly on the distance between the redox active center of the enzyme and the electrode surface, we expect that the gold nanoparticles will promote DET between the BOD and the porous carbon electrode. BOD is entrapped within chitosan matrix which provides favorable microenvironment and high stability for multicopper oxidases [START_REF] Ichi | Bioelectrodes modified with chitosan for long-term energy supply from the body[END_REF], and further immobilized within the porous Au@CF by simple immersion in solutions. Finally, the potentiality of the resulting Au@CF electrodes to assemble a glucose hybrid biofuel cell is shown by using bare CF@Au at the anode, and BOD-modified CF@Au at the cathode. In spite of low gold loading (0.2 wt%), this hybrid device exhibits higher electrochemical performance than the previous hybrid glucose biofuel cells, proving the efficiency of the synthesis technique to form gold electrodes with high active surface for electrocatalysis.

Experimental

Materials

The carbon felt was purchased from A Johnson Matthey Co., Germany. Chloroauric acid trihydrate (HAuCl4•3H2O, 99.99 %) was obtained from Sigma Aldrich. Potassium hexacyanoferrate (≥ 99%) and potassium nitrate (≥ 99%) were bought from Fluka, enzyme bilirubin oxidase (BOD, 2.51 U mg -1 solid) from Amano Enzyme Inc., Japan; potassium hydroxide (KOH pellets pure) from Merck; D-(+)-glucose monohydrate, chitosan and acid sulfuric (98%) from Sigma-Aldrich, and used without further purification. Dihydrogen phosphate monohydrate (NaH2PO4.H2O) and di-sodium hydrogen phosphate (Na2HPO4) salts from Merck were employed for preparation of the buffer phosphate (0.1 M) pH 7.0 (PBS). The aqueous solutions were prepared using 18.2 MΩ cm MilliQ water (Millipore). Glucose solution was stirred for 24 h prior to use.

Preparation of gold nanoparticles-modified carbon felt (CF@Au)

The commercial carbon felt was firstly cleaned in an ultrasonic bath with acetone for 2h to remove adsorbed contaminations, followed by thorough rinse with deionized water and drying at 60 0 C for 24h. This pretreated carbon felt was denoted as raw CF. After that, the gold layer was deposited on the surface of the porous carbon by cyclic voltammetry (CV) technique running 70 scans from -0.9 to 0 V versus SCE (Saturated Calomel Electrode) at a scan rate of 10 mV s -1 in a N2-saturated solution containing 0.05 mg mL -1 chloroauric acid. The process was recorded on a µ3AUT70466

Autolab system (Eco Chemie BV, Netherlands) at a scan rate of 10 mV s -1 using a three-electrode system with the CF as working electrode, a SCE as reference electrode and platinum foil as counter electrode. Aiming to form the gold particles by dewetting, an additional thermal treatment was realized in a tubular furnace (Vecstar Ltd) fed by nitrogen gas at the flow rate of 200 mL min -1 with heating rate of 5 0 C min -1 and temperature ranging from 20 to 1200 0 C. The parameters affecting the deposition of gold nanoparticles on the surface of the carbon felt were investigated, such as the concentration of chloroauric acid and treatment temperature. One electrode was prepared for each chloroauric acid trihydrate concentrations and for each treatment temperature from 600 to 1000 °C. The sample at the best state was noted as gold carbon felt (CF@Au).

Preparation of enzyme-immobilized electrode

The biocathode consisted of an Au@CF electrode modified with BOD enzyme entrapped in a chitosan film. First the Au@CF material was immersed in a solution (300 µL) of BOD (19.5 mg mL -1 ) in PBS (0.1 M) pH 7 until complete absorption of the liquid inside the porous electrode.

More concentrated solutions of BOD did not yield higher catalytic currents. After drying, the modified electrode was covered by a chitosan solution, also by immersion. The solution was prepared by dissolving 1 wt.% of chitosan in 1 mL of acetic acid solution (1 vol.%) until complete dissolution, followed by the addition of 50 µL glutaraldehyde. The resulting electrode was let to dry at 5°C for 48 h. The enzyme concentration was estimated at 5.8 mg for a projected surface area of 1 cm 2 for an electrode of 1 cm thickness.

Material characterization

Chemical and structural characterizations were performed by scanning electron microscopy (SEM, Hitachi S-4800), Thermogravimetric Analysis (TGA) using a TA instruments SDT 2960 under air atmosphere in the temperature range 25-800°C, and by X-ray diffraction (XRD) (PANAlytical Xpert-PRO diffractometer equipped with a X'celerator detector using Ni-filtered Cu-radiation).

Electrochemical characterizations

Cyclic voltammograms (CVs) experiments were conducted in a solution of 10 mM K3[Fe(CN)6] in 1.0 M KNO3 by using a µ3AUT70466 Autolab system (Eco Chemie BV, Netherlands) and a three-electrode cell with Au@CF or CF as working electrode, Pt foil as counter electrode, and a SCE as reference.

The Au@CF electrode (projected surface area of 1 cm 2 for an electrode of 1 cm thickness) was analyzed for various chloroauric acid trihydrate concentrations by recording cyclic voltammograms in a 0.5 M H2SO4 solution at a scan rate of 10 mV s -1 . The electrochemically active surface area (EASA) of the electrode provided by the particles was calculated from the experimental charge required to strip by reduction the Au oxide layer at 0.9 V vs Ag/AgCl by using the theoretical charge density of 390 C cm -2 associated with the reduction of gold oxide [33].

Glucose electrooxidation was investigated with Au@CF and raw CF electrodes by cyclic Gold particles were deposited on a carbon felt by cyclic voltammetry from a solution of chloroauric acid trihydrate followed by a thermal treatment at 1000 °C under nitrogen gas for 1 hour. Regarding the SEM graphs in Figure 1a, it can be seen that the raw CF presents a smooth surface, while the surface morphology of Au@CF without thermal treatment is quite rough because of the envelopment of the carbon fibers by a thin gold layer (Figure 1b). After a thermal treatment at 1000 °C, hexagon-shaped gold particles with an average size of 300 nm are formed by dewetting and are homogeneously distributed on the surface of the carbon felt (Figures 1c,d).

From TGA analysis (Figure S1), the gold loading is 0.2 % wt. in the Au@CF samples which corresponds to the gold amount in the initial solution of chloroauric acid trihydrate (0.05 mg mL - 1 ).

The benefit of gold particles was illustrated by the cyclic voltammetry of the Fe(CN)6 3-/4-redox probe, which shows a significant increase in current density on substituting raw CFs with Au@CF (Figure 1e). The presence of the three-dimensional gold particles notably improves the intensity of the peak current by 9 times showing an increase on the electrochemical activity The electrochemical impedance spectroscopy of Au@CF and raw CF electrodes in 10 mM K3[Fe(CN)6] in KNO3 solution was also performed (Figure S2). The interfacial charge-transfer resistance (Rct) is 0.15 for Au@CF, compared to 2.3  for raw CF, confirming that the presence of gold particles on the electrodes decreases the electrochemical resistance of the electrodes and accelerates the electron transfer efficiency.

The Au@CF material was characterized by XRD (Figure 1f). The broad diffraction peak at around 23°, defined for hexagonal graphite structures (002) and the smaller peak at 43° are characteristic of the raw CF sample. Crystal gold on the surface of carbon felt is proved through the emergence of the sharp peaks at 38.2° (111), 44.2° (200) and 64.6° (220), which are specific for cubic gold [START_REF] Huang | Synthesis and Properties of ZrO2 Films Dispersed With Au Nanoparticles[END_REF][START_REF] Ramasamy | Formation of gold nanoparticles upon chitosan leading to formation and collapse of gels[END_REF]. This analysis confirmed that gold particles were successfully obtained from the reduction of the chloroauric anions by electrodeposition that formed a gold layer on the carbon felt surface, subsequently transformed into particles by thermal treatment. The mechanism of formation of the gold particles by heat treatment will be discussed in details later in this manuscript. To maximize the gold particles loading, its dependence on HAuCl4 concentration was studied.

Effect of the gold loading quantity

After the electrodeposition of the gold layer on the carbon felt by scanning potentials, the resulting material was characterized by CVs in 0.5 M H2SO4. As shown in Figure 2a, the curves present the typical peaks ascribed to the formation of Au surface oxides (around 1.1 V) and its reduction (0.9 V) [START_REF] Kumar | Au Disk Nanoelectrode by Electrochemical Deposition in a Nanopore[END_REF]. Increasing the concentration of HAuCl4 from 0.01 to 0.1 mg mL -1 in the initial solution resulted in increasing EASA of gold NPs on the Au@CF from 0.233 to 1.010 cm 2 (Calculated from the theoretical charge density of gold oxide) [33].

From CVs of the redox probe potassium ferricyanide Fe(CN)6 3-(Figure 2b), the increase in HAuCl4 concentration contributes to a slight rise in the current response toward the redox waves of [Fe(CN)6] 3-/4-at the gold-modified CF, and to smaller anodic and cathodic peaks separation indicating that fast electron transfer kinetics predominantly occurred at the outermost plane of the NPs. The increase in gold salt concentration to 0.1 mg mL -1 did not lead to detectable improvement. Therefore, 0.05 mg mL -1 of chloroauric acid trihydrate was chosen as optimal concentration for the electrodeposition step. The thermal treatment plays an important role in the transformation of the gold layer to gold particles and in the elimination of contaminants. Consequently, the electrochemical behavior of the modified electrodes changes with the applied temperature treatment when the temperature rises from 600 to 1000 °C, as shown by the continuous increase in the anodic peak ja of [Fe(CN)6] 3-/4-at the Au@CF electrodes (Figure 3a), determined from the CVs of Fe(CN)6 3-in PBS at scan rate 10 mV s -1 . Higher temperature is not beneficial, as will be explained later.

Effect of the heating temperature

In order to understand the NPs growth with heating treatment, Au@CF was characterized by XRD, as shown in Figure 3b. In the absence of thermal treatment, a small peak around 37° is assigned to complexes between Au and Cl coming from the uncompleted reduction of chloroauric acid by CV method. This peak disappears by heating at higher temperature. The thermal treatment involves multiple and competitive mechanisms for the formation of gold particles: first, at low temperature (< 600°C) dewetting related to different expansion coefficients between the gold and the carbon felt support [START_REF] Muller | Ordered arrays of faceted gold nanoparticles obtained by dewetting and nanosphere lithography[END_REF][START_REF] Namsani | Dewetting dynamics of a gold film on graphene: implications for nanoparticle formation[END_REF] induce the formation of the first Au droplets (Figure 3c). This step is followed by the coalescence of the gold particles to form larger particles in order to reduce the total interfacial energy of the system. Gold particles tend to aggregate through coalescence [START_REF] Ali Umar | Formation of gold-coated multilayer graphene via thermal reduction[END_REF]. Thus, gold is seen in the form of a rugged layer of Au droplets covering the surface of carbon fibers (Figure 3d). At higher temperature (more than 600 °C), the Ostwald ripening process occurred by diffusion of the atoms (via evaporation or surface diffusion) from one particle to another [40] [30] to form the hexagon-shaped gold particles with an average size of 300 nm (Figure 3e). At this temperature the XRD peak Au (111) at 38.2° is increased relying on the crystallization of Au during the heat treatment [START_REF] Huang | Synthesis and Properties of ZrO2 Films Dispersed With Au Nanoparticles[END_REF][START_REF] Ali Umar | Formation of gold-coated multilayer graphene via thermal reduction[END_REF]. However, applying too high annealing temperature of 1200°C leads to a decrease of the anodic current density of the redox wave [Fe(CN)6] 3-/[Fe(CN)6] 4-(Figure 3a). This comes from the fact that at this temperature gold nanoparticles are evaporated. No more peaks of Au are observed on the XRD diffraction (Figure 3b) and a rough surface without gold on SEM image (Figure 3f) is noticed. This indicates that the selection of the appropriate treatment temperature is crucial for the formation of gold nanoparticles on carbon felt. The electrochemical response of the BOD-immobilized Au@CF electrode is shown in Figure 4a, compared to a control biocathode prepared by the same immobilization technique on a raw CF electrode. The polarization curves were performed in oxygen saturated PBS pH 7.0. The oxygen reduction current begins at around 0.45 V (vs Ag/AgCl), which is in good agreement with the reported values in the literature for the T1 site of BOD from Myrothecium verrucaria [START_REF] Salaj-Kosla | Direct electron transfer of bilirubin oxidase (Myrothecium verrucaria) at an unmodified nanoporous gold biocathode[END_REF]. No catalytic current was observed in nitrogen saturated solution. The delivered current shows an almost linear potential dependence and the absence of a semi-plateau. This phenomenon was also observed for non-mediated system with porous structure like carbonaceous foams [START_REF] Flexer | Porous mediator-free enzyme carbonaceous electrodes obtained through Integrative Chemistry for biofuel cells[END_REF] and carbon aerogel [START_REF] Tsujimura | Diffusion-Controlled Oxygen Reduction on Multi-Copper Oxidase-Adsorbed Carbon Aerogel Electrodes without Mediator[END_REF]. In such 3-dimensional materials, the enzymes are randomly oriented on the support, which induces a wide distribution in interfacial electron transfer rates and thus larger overpotentials to electrically connect all the enzymes.

The Au@CF biocathode shows the highest performance 2.160 mA cm -2 at 0 V (vs Ag/AgCl), which corresponds to an increase by 8-folds compared to the raw electrode. This outstanding performance comes from the presence of the gold particles that enhance the electronic conductivity of the electrode and the surface area. The stability of the electrode was investigated periodically (Figure 4b) and between each testing time, the electrode was stored at 5 °C in a humid environment. For a 26 day-period, a significant reducing activity of the biocathode (-75 %) was observed, explained by several reasons such as enzyme inactivation, loss of electrical connection and desorption. The addition of 3 mM of ABTS in the solution at the 26 th day (Figure 4b) gives rise to a noticeable increase in the current density, indicating that some enzymes have kept their activity but are no longer properly electrically connected to the electrode surface.

Glucose electrooxidation on CF@Au

In the following studies, the most promising Au@CF electrode obtained from the 0.05 mg mL -1 concentration of chloroauric acid trihydrate and the thermal treatment at 1000 °C under nitrogen was employed. This electrode was applied to glucose electrooxidation at basic pH, since at neutral pH the electroactivity of the Au@CF is lowered toward glucose oxidation (see Figure S3). For that reason, the performance of the hybrid device was tested in a compartmentalized system at two different pH values. The direct electro-oxidation of glucose was monitored by running cyclic voltammograms in 0.1 M KOH solution in the presence and absence of glucose 10 mM on Au@CF and raw CF electrodes for comparison. In the absence of glucose (Figure 5a), the CV of the Au@CF electrode exhibits the two small electrochemical processes relative to gold surface oxides formation and reduction, respectively, in alkaline media [START_REF] Aoun | Electrocatalytic Oxidation of Glucose at Gold Nanoparticle-modified PFC electrodes in an Alkaline Solution[END_REF][START_REF] Pasta | Mechanism of glucose electrochemical oxidation on gold surface[END_REF]. In the presence of glucose, raw CF is not active for glucose electrooxidation in the potential range investigated, whereas, the Au@CF electrode shows the typical voltammetric behavior characterized by three electrochemical processes: [START_REF] Seker | Nanoporous Gold: Fabrication, Characterization, and Applications[END_REF] formation of an adsorbed glucose layer on the gold electrode surface through the dehydrogenation of anomeric carbon of glucose molecules [START_REF] Paul Wilde | Oxidation of Glucose at Electrodeposited Platinum Electrodes in Alkaline Solution[END_REF][START_REF] Yan | Pt-decorated nanoporous gold for glucose electrooxidation in neutral and alkaline solutions[END_REF], (2) oxidation of the previously adsorbed glucose intermediates to gluconolactone species, leading to the appearance of a large left shoulder pick arround 0.3 V, and (3) re-adsorption and oxidation of glucose [START_REF] Pasta | Alkaline glucose oxidation on nanostructured gold electrodes[END_REF]. Figure 5b shows that the positions of the peaks are dislocated when varying the scan rate, which is a point to consider when comparing different works. Compared to the literature on glucose oxidation by materials decorated with gold nanoparticles [START_REF] Zhao | Self-assembly of layered double hydroxide nanosheets/Au nanoparticles ultrathin films for enzyme-free electrocatalysis of glucose[END_REF][START_REF] Tung | Electrochemical growth of gold nanostructures on carbon paper for alkaline direct glucose fuel cell[END_REF][START_REF] Zhu | M = Pt, Au) bimetallic alloy nanowires with enhanced electrocatalytic activity for electro-oxidation of small molecules[END_REF][START_REF] Biella | Gas phase oxidation of alcohols to aldehydes or ketones catalysed by supported gold[END_REF], the Au@CF delivered very competitive values with a peak intensity around 9 mA cm -2 for the glucose oxidation to gluconolactone species, although comparison depends on the preparation methods, amount and form of active gold NPs on the electrodes. As recently mentioned by a recent work of K. Boniface and co-workers [START_REF] Hebié | Size-Dependent Electrocatalytic Activity of Free Gold Nanoparticles for the Glucose Oxidation Reaction[END_REF], it is noteworthy to determine the regime of glucose electrooxidation reaction on the CF@Au. From Figure 5b, for the peak "2", it was deduced the plots of log (jp) as a function of log () (Figure S4).

The slope is lower than 0.5, suggesting that the electrooxidation of glucose on the CF@Au has a complex mechanism involving additional phenomena than diffusion and adsorption. This behavior was also observed for spherical gold nanoparticles [START_REF] Hebié | Size-Dependent Electrocatalytic Activity of Free Gold Nanoparticles for the Glucose Oxidation Reaction[END_REF] and for polycrystalline gold electrodes [START_REF] Essis Yei | Electrocatalytic oxidation of glucose at platinum in alkaline medium: on the role of temperature[END_REF]. The long-term stability of the electrodes was studied by recording the polarization curves after one week and after 2 months. As observed in Figure 6a, the stability of the cathode decreases with time, as already observed in Figure 4b. The cell performance was thus limited by the cathodic reaction, which performance relied on the enzyme stability and electrical connection. This result points out the well-established stability of abiotic materials as anode for glucose electrooxidation to construct hybrid devices. In Figure 6b, the typical power profile of the hybrid device shows a maximum power density of 310 µW cm -2 at 352 mV. The performance was significantly enhanced compared to our previous devices fabricated from carbon electrospun fibers: 35 µW cm -2 with gold loading 20 % [START_REF] Meredith | High Current Density Ferrocene-Modified Linear Poly(ethylenimine) Bioanodes and Their Use in Biofuel Cells[END_REF] and 65 µW cm -2 with gold loading 22% [START_REF] Mano | Characteristics of a Miniature Compartment-less Glucose-O2 Biofuel Cell and Its Operation in a Living Plant[END_REF]. Considering that our carbon felt electrodes were highly porous, it appeared more reasonable to relate the power to the electrode volume immersed in the solutions instead of the projected surface area. By considering the thickness 1 cm of the electrodes, the maximum volumic power was 310 W cm -3 . Additionaly, it was observed that the volumic power was similar for different thicknesses between 0.5 and 3 cm, suggesting homogeneous impregnation of the species through the whole thickness of the electrodes.

Glucose/O2 hybrid biofuel cell

The quality of these first results gives rise to several perspectives for further enhancements in the system as a whole, like the withdrawal of the separating membrane, or works on the enzyme/gold connection. So far, the major benefit of the developed Au@CF consists in the fact it is a free-standing material with increased reactive surface area, induced by the Au particles presence per projected surface area. Au@CF material is therefore able to contain high enzyme loadings, and presents high diffusion transport thanks to the porous carbon template.

Conclusions

A synthetic route of a gold particles-modified felt was performed by electrodeposition of gold salts on a porous carbon template followed by a subsequent thermal treatment at 1000 °C. This method allowed for the dewetting of Au covering the surface of the carbon felt to form hexagonshaped gold particles homogeneously distributed with an average size of 300 nm. The presence of the Au particles enhanced the electroactivityof the Au@CF compared to the raw CFs. A complete hybrid glucose/O2 BFC was implemented by connecting the abiotic anode and the biocathode based on Au@CF. The BFC exhibited higher electrochemical performance than other reported hybrid glucose biofuel cells, despite a low gold loading (0.2 wt%). It proved the efficient electrochemical activity of the Au@CF toward glucose oxidation in alkaline medium and toward enzymatic dioxygen electroreduction by the enzyme BOD in neutral pH. Perspectives for this

  voltammetry in 0.1 M KOH containing 10 mM glucose. Dioxygen reduction was performed by linear scan voltammetry measurements at scan rate of 3 mV s -1 in dioxygen-saturated phosphate buffer (pH 7.0, 0.1 M) after stabilization of the BOD-modified Au@CF open circuit potential. The current density was normalized by the projected surface area of the electrodes, i.e. the geometrical area of the base of a parallelepiped rectangle. For hybrid biofuel cell tests, the electrochemical performance was evaluated by the constant resistance discharge (CRD) technique with a variable external resistance applied to the cell, ranging from 10 M to 100 . The current and power were derived from the resistance and the cell voltage. The tests were performed in a two-chamber cell, with a Nafion® 117 perfluorinated membrane (3.5 cm × 5 cm) separating the anode and cathode compartments. The cathode compartment contained 25 mL PBS (pH 7.0, 0.1 M) at 30 °C saturated with O2. The anode compartment consisted in 25 mL of glucose (10 mM) in 0.1 M KOH (pH 11.0). The size of the anode and cathode electrodes was similar and equivalent to 1 cm 2 for an electrode of 1 cm thickness. The evolution of the anode and cathode potentials was monitored individually by inserting a reference electrode in each compartment of the two-chamber cell. Three gold particle-based electrodes were tested in the hybrid biofuel cell device and the electrochemical performance resulted from averages values.
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 311 Figure 1. SEM images of (a) raw CF, (b) Au@CF without thermal treatment, (c, d) Au@CF after heating treatment at 1000 °C for 1h, (e) Cyclic voltammograms of raw CF and Au@CF electrodes in potassium hexacyanoferrate solution
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 2 Figure 2. Cyclic voltammograms of raw CF and Au@CF electrodes (projected surface area of 1 cm 2 ) at different chloroauric acid trihydrate concentrations in (a) 0.5 M H2SO4, and (b) potassium hexacyanoferrate solution (10 mM) in 1 M KNO3. Scan rate 10 mV s -1 .

Figure 3 .

 3 Figure 3. (a) Table 1 -Values of the anodic current density (ja) of [Fe(CN)6] 3-/[Fe(CN)6] 4-as a function of the heating temperature treatment. (b) diffraction patterns of Au@CF (0.05 mg mL -1 HAuCl4.3H2O) electrodes at different

3. 4 .

 4 Au@CF as support for electrocatalysis 3.4.1. Enzymatic O2 reduction on CF@Au

Figure 4 .

 4 Figure 4. (a) Polarization curves of O2 electroreduction on the Au@CF and the raw CF biocathodes modified with the enzyme BOD. (b) Stability of the BOD-immobilized Au@CF electrode with time. Scan rate of 3 mV s -1 , O2-saturated PBS 0.1 M, pH 7.0 at 30 °C.

Figure 5 .

 5 Figure 5. Cyclic voltammograms in 10 mM glucose in 0.1 M KOH of (a) Au@CF and raw CF anodes in the presence and absence of 10 mM glucose at 50 mV s -1 , and of (b) Au@CF anode at various scan rates.

Figure 6 .

 6 Figure 6. Electrical performance of the hybrid biofuel cell at 30 °C with BOD-immobilized Au@CF cathode in O2saturated PBS (0.1 M, pH = 7.0) and Au@CF anode in 0.1 M KOH (pH = 11.0) containing 10 mM glucose. a) Monitoring of the potentials Eanode and Ecathode with an Ag/AgCl reference electrode immersed in each compartment, (▲) E cathode, (□) E anode. b) Profile of the delivered Ecell potentials and power density of the hybrid biofuel cell recorded from day 0 until 2 months. The biocathode was stored at 5 °C between each test.

work include the removal of the BFC separating membrane, which could simplify the device. This might be achieved after further research on the limitations of the abiotic anode, for instance.
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