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Introduction

Hybrid materials combine the best of the salient features of their organic and inorganic counterparts, and synergetically exhibit outstanding new properties [1][2][3][4]. Hybrids are employed with success in numerous domains such as nanobiomedicine [5][6][7], analytical sciences [8], catalysis [9,10], electrochemistry [11,12], environmental remediation [13,14], energy sector [15], electronics and optoelectronics [16], and forensics [17] to name but a few.

In hybrid systems, organic components could ensure a particular (re)activity, whereas the inorganic constituents allow multi-electronic redox activity, of importance in catalysis [18]. The synergy of the properties of the organic and inorganic counterparts induces performances not achievable by the counterparts taken separately, hence the utilization of hybrid materials in various domains.

Particularly, metallic nanoparticles (NPs) and their hybrid systems are the subject of numerous studies pertaining to the development of novel specialty electrodes used in photovoltaic cells (conversion of solar energy) [19,20], hydrogen evolution reaction (HER) [21], and numerous other catalyzed reduction and oxidation processes [22], chemical or electrochemical sensors (specific and selective detection) [23] or materials with specific surface properties (e.g. biological anti-adhesion, lubrication, photo-or thermo-sensitive layer) [24]. With the rapid development of fuel cells, ethanol oxidation reaction (EOR) has received much attention due to the lower toxicity of this alcohol compared to methanol. EOR requires electrocatalysts to achieve acceptable performances. In the recent years, it became clear that making hybrid nanocatalysts is an elegant route for high performance EOR-based systems. In this regard, for example, Pandey et al. [25] used organic-mineral hybrid materials containing gold nanoparticles using different organic conducting polymers for ethanol (EtOH) oxidation. In the same way, after deposition of an evaporated gold film, they deposited various polymers using the galvanostatic method to obtain a hybrid film. They also explained that nanoparticles of gold in alkaline medium exhibited high catalytic activity for ethanol oxidation. In this regard, there are other studies that show that gold has an excellent electrocatalytic property for the electro-oxidation of alcohols, as well as the reduction of protons to hydrogen [26][27][28][29].

For oxidation of ethanol, it is also possible to use other noble metals such as palladium (Pd) and platinum (Pt) due to the fact that they have electrocatalytic properties in different electrolytes and pH [30,31]. However, the scarcity and high cost of these metals have led to the development of new structures and electrode materials; for example, using the metals in the form of nanoparticles and also use them as hybrids in order to limit the quantities of metals used while retaining the electrocatalytic properties. Gold nanoparticles are among the most employed electrocatalysts of numerous reactions including ethanol oxidation [32] and gold organometallic chemistry permits to design numerous gold-based nanosystems; for example through arylation [4]. In this regard, Laurentius et al. [33] and Mirkhalaf et al. [34] employed diazonium salts for enhancing dispersion of gold nanoparticles and/or attachment to electrode surfaces. Arylation of the nanoparticles is tricky because it should be done in a way that charge transfer within the hybrid interface (electrode-aryl-NPs) should not be hindered. Moreover, arylation of the electrode or the electrode material itself has major effect on the adhesion and stability of the nanoparticles at electrode surfaces [12,35,36]. There are different methods for the grafting of aryl groups to metal nanoparticles and other surfaces [37]. The team of Gooding [38] obtained a hybrid layer containing gold nanoparticles and diazonium salts on the surface of the electrode. Initially, they modified the glassy carbon electrodes (GC) surface with the electrochemical method, using diazonium salts 4aminophenyl and 4-thiophenol, and then they grafted gold nanoparticles on diazonium salts grafted through covalent bonds with different captors C, N and S. Various characterizations indicate that the modification is well established and long term stable (in acidic medium). It is an easy, fast, and reliable technique to functionalize GC surfaces with robust attachment of AuNPs. Mirkhalaf et al. [39] showed that the bonding of arylated gold nanoparticles to surfaces can be done through the interactions between long alkyl chains borne by the latter with similar ones from decylphenyl-modified electrode surface. The nanocatalysts were thus found in a local hydrophobic environment at the gold-surface interface and could selectively electrocatalyze oxygen reduction. Gam-Derouich et al. [40] electroarylated gold flat surface for the attachment of AuNPs. The latter were post-arylated in order to trigger radical graftphotopolymerization therefore obtaining nanostructured thin polymer sensing layers of dopamine. This strategy has been extended to the robust deposition of Au and Ag NPs on agrowaste powder particles [41] and carbon nanotubes [42], Rh-Cu bimetallic NPs to high surface area graphite powder [12], carbon nanotubes to flexible ITO electrode surface [36]. For electrocatalytic purpose, it is essential to keep the extent of arylation as low as possible to avoid passivation of the nanocatalyst and inhibition of electron transfer. Such a passivation is usually due to the formation of oligoaryl layer [37]. In order to obtain a monolayer, one could arylate the surface with aryl diazonium compounds bearing blocked positions 3 and 5 of the benzenediazonium [43]. In addition, combining such a sterically hindered diazonium salt with a diazonium compound bearing a reactive group will permit to modify surfaces with aryl diazonium mixtures, an elegant way to tune surface arylation for targeted applications [44].

This work aims at investigating and comparing the electrocatalytic properties of gold nanoparticles before and after grafting aryl groups from one or two types of diazonium salts in the oxidation of ethanol. In addition, the initial diazonium salt concentrations were step wisely monitored in order to tune the composition and grafting density of the surface bound organic layer while maintaining the catalytic properties of gold nanoparticles as well as their stability, therefore preventing their aggregation (maintaining a higher level of active nanoparticles). Gold NPs of controlled size in aqueous solution were prepared and stabilized with citrate salts via the Turkevich-Frens method [45]. We have functionalized NPs through the reductive grafting reaction of diazonium salts, focusing on the tuned attachment of carboxyphenyl groups. The main challenge of this work was to control the number of acid functions introduced, without compromising the catalytic properties of gold NPs via excessive arylation. To address this issue, mixtures of para-carboxybenzenediazonium and 3,5dimethylbenzenediazonium salts were used. The former serves as a basis for coupling with other functional groups for hybrid materials with a variety of applications, while the latter is used to hamper any possible oligomerization and growth of thick aryl that passivates the surface of the nanocatalyst [46]. Different concentrations of diazonium salts AB and DMB were investigated to obtain optimal conditions for ethanol oxidation. Catalytic activity of the pristine and diazonium-modified NPs vis-à-vis ethanol oxidation reaction was assessed by cyclic voltammetry. To the very best of our knowledge, gold-aryl nanoparticles have never been exploited for electrocatalyzing ethanol oxidation, hence the interest of this new study for the colloid and surface science of gold nanostructures.

Experimental

Reagents materials and instruments

Solvents: pure ethanol (VWR, 100%) and diethylether (VWR, 100% Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out using a Setaram Labsys Evo under pure O 2 . The samples were heated in a crucible alumina based with a large volume 1000 μl and in the 1150 C° -1600 °C range with the weighting range +/-1 000 mg to +/-200 mg. NMR spectra were recorded using a Bruker AVANCE III 400MHz spectrometer. Chemical changes are given in parts per million (ppm, d) relative to the solvent peak as the internal standard (DMSO). X-ray photoelectron spectroscopy (XPS) analyses were performed using a K Alpha machine equipped with microfocused, monochromatic Al Kα X-ray source (hν = 1486.6 eV, spot size = 400 μm). The pass energy was set at 200 and 80 eV for the survey and the narrow regions, respectively. A flood gun was used for static charge compensation. Surface chemical composition was determined using the manufacturer's sensitivity factors. Infrared (IR) spectra were recorded with a Nicolet 8700 spectrometer with a Mercury Cadmium Telluride (MCT) detector. TEM imaging was done with Jeol 2010 (LaB6) (Jeol Ltd., Tokyo, Japan), dedicated to the medium-resolution structural and chemical analysis. The microscope was operating at 80 kV acceleration voltage. UV-vis spectra were recorded on a Cary 4000 UV-Visible spectrophotometer to collect information on NP surface plasmon resonance (SPR) and their sizes. Electrochemical properties were investigated using VSP Potentiostat Bio-Logic, with current ranging from 10 μA to 1 A. In this regard it was used from a classical three-electrode cell with a glassy carbon disk electrode (geometric area= 0.07 cm 2 ) as the working electrode. The counter electrode was platinum wire and the reference electrode was Ag/AgCl (3.5 M KCl). Electrochemical measurements were performed in the aqueous electrolyte of 10 -1 mol L -1 NaOH, using software EC-Lab® Express.

Synthesis, purification and lyophilization of gold nanoparticles

Synthesis

The gold salt solution (HAuCl 4 .3H 2 O) was prepared at a concentration of 1 mM after the sodium citrate reducing solution (C 6 H 5 Na 3 O 7 ) was added with vigorous stirring and heated to 100 °C. under reflux. The color of the solution changed from light yellow, dark black, and finally to burgundy red which indicates the formation of gold nanoparticles. The boiling and stirring were maintained for 25 min, and then the medium was left to cool to room temperature under stirring. Citrates play both the role of reducing agent and stabilizer for NPs, due to their negative charge which prevents agglomeration of particles by electrostatic repulsion.

NPs suspension dialysis

The NPs solution contains the sodium citrate as a stabilizer. These citrates are around NPs and contain COO -carboxylate functions which can disturb the XPS analysis of NPs grafted with dizonium salts contain COOH. In this regard, we removed the citrates from the NPs solution by the dialysis method using semi-permeable exchange cellulose membranes. The time required for optimal purification varies from 6 hours to 7 days. In our case the optimal purification time is three days (72 hours) considering the UV analysis. After this time the solution which was red and clear became a dark blue suspension with particles visible to the naked eye, that it shows the removal of citrates from the suspension and the aggregation of NPs. Due to the reversibility and disaggregation of these nanoparticles in solutions compatible with functional groups (hydrophilic and hydrophobic), this method can be a practical and effective method to store nanoparticles in solid state no grafted or grafted with various diazonium salts. For use in various hydrophilic and hydrophobic media, according to the ultimate goal of using these nanoparticles.

Centrifugation of the suspension of grafted NPs after the dialysis step

Subsequently we centrifuged the solution 3 times at the speed of 6000 rpm for 30 min in the glass tubes. Each time the NPs precipitated at the bottom of the tubes and the discolored supernatant is removed and again filled with Milli-Q. So by centrifugation we can wash the rest of the impurities and citrates, and prepare for the next step.

Lyophilization of the grafted NPs solution

Grafted NPs solution was subjected to washing/centrifugation cycles prior to nitrogen and vacuum drying. Lyophilization permitted to remove water in order to obtain clean solid powder for analysis by XPS and TGA/DTA.

Synthesis and proton NMR characterization of diazonium salts

4-aminobenzoic acid (ABA) (0.2 g) and 3,5-dimethylaniline (DMA) (0.3 g) as the starting product is solubilized in HBF 4 acid (1.8 mL for ABA and 2 mL for DMA). The mixture was kept under stirring for 15 min. After cooling the solutions to 0 °C with ice, the solution of sodium nitrite NaNO 2 (0.194 g for ABA and 0.207 g for DMA) as an oxidant is dissolved in a minimum of water was added dropwise to the reaction mixture and the reaction was obtained for 30 min at 0 °C. After stirring for 30 minutes, the final product is washed with cold diethyl ether, after several washes under vacuum, a precipitate appears. The synthesized diazonium salts 4-carboxybenzenediazonium (AB) and 3-5 dimethyl diazenylbenzoic (DMB) were stored in the freezer.

For first diazonium salt, we have carried out the 1 H NMR spectrum of the amine starting material (ABA) and the synthesized salt for comparison and to confirm the synthesis of the product, according to 1 H NMR analysis (400MHz, DMSO) δ (ppm). For the amine product: IR (KBr): 1H NMR (400 MHz, DMSO) δ (ppm); 5.86 (2H, s), 6.55 (2H, d), 7.62 (2H, d), 12.14 (H, s). And for the product of the diazonium salt AB: 1H NMR (400 MHz, DMSO) δ (ppm); 8.42 (2H, d), 8.78 (2H, d), 14 (H, s). The comparison of the results of the 1 H NMR spectra of the starting product and the final product shows that:

a) The peak at 5.86 ppm, corresponding to the amine NH 2 function of the starting material (ABA), which disappeared in the synthesized diazonium salt. b) There is a shift of the aromatic proton peaks (around 2 ppm) and the acid peak that shows the diazonium salt is well synthesized with the N 2 + attractor group. These observations confirm the production of the product of 4-Diazenylbenzoic acid diazonium salt. For second salt; 1H NMR (400 MHz, DMSO) δ (ppm); 2.53 (6H, s), 5.17 (2H, s), 6.57 (2H, s), 6.62 (H, s). And for the diazonium salt synthesized the NH 2 peak is gone and the other peak is shifted to the left: 1H NMR (400 MHz, DMSO) δ (ppm) ; 2.46 (6H, s), 7.95 (2H, s), 8.32 (H, s). Thus, obtaining the DMB salt is confirmed by the disappearance of the peak of the amine NH 2 in the product and removal of the peaks of the aromatic protons.

Modification of Au nanoparticles with diazonium salts

Arylation of Au NPs with single diazonium salt (DZ) was achieved spontaneously by simple reaction of the NPs with diazonium compounds, under mechanical stirring in aqueous media. In a typical protocol: an aqueous solution of salt DZ was prepared at a set concentration in the 10 -3 -510 -5 M range, and added dropwise to the suspension of NPs. For this grafting, we prepared an aqueous mother solution of salt DZ at a concentration of 1 M which was diluted to reach the targeted concentration of diazonium compound: 50 µL of DZ solution were added to 50 mL of the gold NPs solution (20 nm-sized nanoparticles). The final concentration of AB salt in the reaction mixture was 10 -3 M. For the other concentrations, we proceeded in the same way by reducing the initial concentration of 10 -1 and 510 -2 M to the final concentrations 10 -4 and 510 -5 M, respectively.

The mixture was stirred for 24 hours at room temperature; then, the resulting suspension of arylated nanoparticles was washed through centrifugation using an aqueous solution of citrate (with a concentration equal to the concentration of citrate in suspension pens of nanoparticles). In the case of co-grafting two types of DZ salts, we have adopted the protocol described elsewhere [47,48].

Electrocatalyzed oxidation of ethanol

Arylated gold NPs were coated on the surface of a glassy carbon electrode (GCE, 0.07cm 2 ) using 2 drops of 0.5 µL (1 µL) of the suspension of gold NPs which was previously well homogenized and sonicated. The nanoparticle-coated GCE was dried at 35 ͦ C. The behavior of the modified electrode thus obtained was measured cyclic voltammetry (CV) in a 0.1 M NaOH basic medium in a potential range between -0.1 and 1.5 V vs ECS. We investigated the catalytic properties of modified nanoparticles for the oxidation of ethanol at different concentrations of 0, 0.5, 1, 1.5, 2 and 2.5 M ethanol. A three-electrode electrochemical cell with a volume of 20 mL electrolyte containing the 0.1M NaOH solution was used. The reference, the counter and the working electrodes were saturated calomel, stainless steel grid and the coated GCE 3 mm diameter. GCE was polished, washed with ethanol and dried with compressed air prior to each use.

Results and discussion

The rationale for using diazonium salts with hydrophilic heads was that in addition to binding to other functional groups, we could also maintain its dispersion in aqueous suspension. As aryl groups are known to form oligomers leading to a thick aryl layer and consequently passivation of the electrocatalysts, we have verified two routes: in the first one, diazonium concentration was monitored to reach a suitable thickness that ensures colloidal stability and also electrocatalytic activity. In the second approach, a refined strategy consisted in blocking the growth of the aryl layer by using two different diazonium salts; one bearing the COOH group and the other equipped with two methyl groups in meta positions of the diazonium salts in order to inhibit any oligomerization of the aryl groups at the surface of gold NPs. In this case, dual functionalization with two kinds of aryl groups permits to tune both colloidal stability and electrocatalytic performances of the Au NPs. The general strategy is schematically illustrated in Figure 1. In a first step, the well-known Turkevich method [45] was adopted to design the Au NPs which were further grafted with aryl diazonium compounds; for the sake of simplicity, only the dual modification is displayed. In a third step, the GC electrodes were coated with diazonium-modified gold NPs for electrocatalyzed oxidation of ethanol. The whole strategy is simple and efficient. Hereafter, we shall describe the main experimental results pertaining to the characterization of the modified gold nanoparticles and their electrocatalytic performances. In Figure 2a it can be seen different concentration of diazonium salt AB from 10 -3 to 510 -5 M grafted on gold NPs. In the higher concentration regime, i.e. 10 -4 and 10 -3 M, the UV-Visible spectrum shows a widening of the peak in the range of 600 to 700 nm and the more obvious shift which shows a weak aggregation of NPs [49]. Figure 2c displays the UV-visible spectra of NPs co-grafted with AB and DMB (1:4) diazonium salts at indicated concentrations. This figure also shows that higher concentrations of diazonium salts induce aggregated NPs with a peak or shoulder in the high wavelength at 600-700 nm, which will affect the catalytic activity. Figures 2b,d show linear correlations for gold NPs grafted aryl groups (single and dual modifications) in the concentration of 510 -5 M.

Optical properties: UV-Visible spectra

TEM: morphology of the nanoparticles

The NPs using at high resolution transmission electron microscopy. Figure 3 shows TEM image of pristine (Figure 3a) and modified gold NPs with diazonium salt AB at concentrations of 10 -3 M, 10 -4 M and 510 -5 M (Figure 3b, 3c and3d). TEM pictures of gold NPs modified with diazonium mixtures (total concentrations 10 -4 M and 510 -5 M) are displayed in Figures 3e and3f. Compared to pristine nanoparticles, gold NPs modified with diazonium AB at of 10 -3 , 10 -4 and 510 -5 M concentrations, the aryl layer with approximate thicknesses 2.1 and 1.3 and 0.7 nm, respectively. These thicknesses were obtained by measuring an average of 10 different points around the nanoparticles, for about 30 nanoparticles at each concentration through the ImageJ software. This organic layer is reduced by decreasing the concentration of diazonium salts. Concomitant decrease of aggregation of gold NPs was also noted for lower initial diazonium concentration.

It should be noted that nanoparticles coated with two diazonium salts (AB and DMB) at a total concentration of 10 -3 M were very highly aggregated, and thus could not be characterized.

Figure 3e shows the organic layer around gold NPs with an average thickness of 1.8 nm for NPs/AB:DMB 10 -4 M; a thinner 1 nm layer was obtained for an initial diazonium concentration of 510 -5 M. In Figure 3e, the thickness of organic layer is shown at a concentration of 10 -4 M of AB:DMB salt mixture, which is more visible at higher concentrations of diazonium salts than the lower concentrations. In this regard, for two diazonium salts with a concentration of 510 -5 M, there is a better dispersion than in the case of 10 -4 M concentration.

Thermal analysis (TGA/DTA)

Thermal analysis TGA/DTA was performed for the grafted and co-grafted gold NPs under O 2 to determine the mass of organic matter grafted to nanoparticles. Table 1 shows the results of thermogravimetric analysis obtained with single and two diazonium-modified Au NPs. The mass of organic layer at high concentrations of diazonium salt AB is more than two salts (AB/DMB), while this trend is reverse for lower concentrations of AB/DMB and the mass of organic layer in these two salts is more than single salts AB.

There is a clear reduction in the mass of organic matter from 10 -3 M to 510 -5 M diazonium salt concentrations, for both single and dual modifications. This decrease in the mass of organic matter occurs for single salts with a higher incidence than the use of salt mixtures.

Table 1. Analysis of the percentage of organic and mineral materials for nanoparticles modified with one and two diazonium salts in different concentrations by thermal analysis TGA/DTA Products % organic material % inorganic material NP/AB, 10 -3 M 6.9 93.1 

XPS surface analysis

Figure 4 displays Au4f doublet with Au4f 7/2 peak centered at 84 eV, characteristic of gold in the metallic state [42]. The ratio of the peaks Au4f 7/2 and Au4f 5/2 is 4:3 which testifies that there are no other gold oxidation states. Other detected species probably due to surface minor contamination are carbonates (see Figure 5a) and Teflon from the magnetic bar stirrer (see Figure 5f). All C1s regions invariably show the presence of the acidic group COOH, which is related to diazonium salts AB grafted on gold nanoparticles. In this regard, at the concentrations of 10 -4 and 510 -5 M of two salts such as grafting with single salts show a decrease trend for the ratio of C/Au by decreasing the concentration of diazonium salts; and thus, the number of aryl groups attached to the NP surface.

Electrocatalytic oxidation of ethanol

Figure 6 cyclic voltammetry shows no wave for GCE in the absence of any gold NPs and EtOH (voltammogram a-i). After adding 0.5 M EtOH this is observed an increase in the current intensity from 250 μA (voltammogram Ai) to 420 μA (voltammogram a-iii) at 1.497 V as well as formation of an oxidation wave at 1.35 V with the onset potential at 1.08 V.

Voltammogram a-ii was obtained from modified electrode with gold NPs but in absence of ethanol. There is an oxidation wave at 1.4 V with an onset at 1.13 V that has almost the same current intensity as the oxidation wave of voltammogram (a-iii).

Voltammograms (a-iv and a-v) were obtained with the modified electrode in presence of 0.5 and 1 M of ethanol, respectively. Adding 0.5 M ethanol (voltammogram a-iv) resulted in an increase in current intensity from 340 µA to 520 µA, and with an increase to 1 M of ethanol in voltammogram (Av), the current intensity is 723 µA at potential 1.497 V. In these two voltammograms also appeared a new oxidation wave noted at 0.2 V [25,27,50] the current intensity of this wave increased with ethanol concentration. The voltammograms indicate that GCEs coated with the gold NPs are more active than the bare GCE for the oxidation of EtOH. Furthermore, there are 2 active oxidation potentials (0.2 V and 1.3 V vs. ECS) with these modified electrodes. Increase in the anodic current in the presence of ethanol shows that there is a catalytic activity in these potentials for electrooxidation of ethanol by gold NPs. Figure 7 shows current-vs-EtOH concentration linear plots for GCE electrodes coated with gold NPs/AB and gold NPs/AB:DMB. The current intensity corresponds to the peak of ethanol electro-oxidation noted at 0.2 V (see Figure 6). It is verified the current intensity of the oxidation wave as a function of the concentration of ethanol for gold NPs grafted with diazonium salt AB in different grafting concentration (Figure 7, a); these curves show that as the concentration of ethanol increases, the current intensity of the oxidation waves increases linearly. By increasing the initial diazonium salt concentration the current intensity of the oxidation wave decreases. For concentration 510 -5 M, the current intensity recorded with NPs/AB is very close to that obtained with ungrafted NPs. For co-grafted NPs by AB and DMB, we compared their catalytic activity in different total concentrations of diazonium salts and ethanol, under the same conditions (Figure 7,b). From this comparison, it has been found that by increasing the concentration of the grafted salts on the NPs the catalytic efficiency decreases. Curves show two fold less catalytic efficiency for NPs/AB:DMB than NPs/AB when the diazonium initial concentration was 510 -5 M. It follows that dilution of the diazonium salt AB is more important than its mixture with DMB, another way to obtain absolute low initial concentration. Most probably this is due to hydrophobic effects induced by the two methyl groups borne by DMB and which hamper access of ethanol to the nanocatalyst surface. Elsewhere, it was demonstrated that hydrophobic aryllayer can constitute barrier layer to redox probes [51,52]. By analogy, it could be possible that ethanol molecules are likely to remain in the aqueous solution, away from a relatively hydrophobic aryl capping layer thus inducing a loss in the alcohol oxidation peak intensity.

Conclusion

This work reports on the design of novel aryl-modified gold nanoparticles using diazonium chemistry. The organically capped gold nanoparticles served as electrocatalysts of the ethanol oxidation. First, The Turkevich method was used to synthesize 20 nm-sized gold nanoparticles that were readily arylated using diazonium salts. Then, individually, the diazonium salts AB and DMB were synthesized and served for the arylation of gold nanoparticles. TEM, XPS and TGA/DTA confirmed the formation of an aryl layer attached to nanoparticles with different thickness depending on the initial concentration of diazonium salts. Subsequently, the catalytic properties of the AuNPs were investigated for ethanol oxidation before and after grafting of diazonium salts. In this regard, by modifying gold nanoparticles with diazonium salts, the following results were obtained: 1-Maintaining the catalytic property of nanoparticles for ethanol oxidation after grafting the organic layer. 2-In comparing the catalytic properties of nanoparticles modified by a diazonium AB salt or two types of AB and DMB salts, it was found that NPs/AB at optimal concentration of diazonium salt (510 -5 M) there was no significant current intensity loss; however it was observed, this current intensity drop was greater in the use of two types of salt. This could be due to the decrease in the active surface of gold nanoparticles through further aggregation of these grafted nanoparticles because of the hydrophobicity of DMB salts. 3-Using the co-grafting of salts AB and DMB and determining the appropriate ratio and salts concentration, it was shown that surface engineering permitted to control the number of layers and also the ability to use other diazonium salts. 4-It is also noteworthy that using two diazonium salts AB and DMB in the same concentration (510 -5 M) led to a more homogeneous organic layer on the nanoparticles than using a single AB diazonium salt. This gives us better control over the homogeneity and thickness of the organic layer to keep working. 5-However, highest ethanol oxidation peak intensity was obtained for the lowest concentration of single AB diazonium concentration. Further dilution of AB by mixing with DMB resulted in les efficiency, likely due to barrier effect of the hydrophobic DMB methyl groups which hamper access of ethanol molecules to the nanocatalyst.

Ultimately, fine tuning of the dual arylation permitted to obtain even dispersion of the nanoparticles and access of the molecules to the catalytic cites at the NP surface without any decrease of the electrocatalytic property of nanoparticles. In this way, the dual arylated catalytic nanoparticles could be implemented in a more complete hybrid structure with specific, controlled properties and functionality.

Figure 1 .

 1 Figure 1. Strategy for the preparation of gold nanoparticles, their co-grafting with diazonium salts and their electrocatalytic performances for ethanol oxidation.

Figure 2 .

 2 Figure 2. Comparison of the UV-Visible spectra of: a) Pristine gold NPs in orange and NPs grafted with in different concentration: 10 -3 in blue, 10 -4 in pink and 510 -5 M in green, b) Linear curve of the absorbance of grafted NPs depending on the concentration of NPs. c) Pristine gold NPs in orange, co-grafted NPs with in different concentration: 10 -3 in blue, 10 -4 in pink and 510 - 5 M in green, d)Linear curve of the absorbance of grafted NPs depending on the concentration of NPs.

Figure 3 .

 3 Figure 3. TEM images of a) Pristine gold NPs, b), c) and d) grafted NPs Au/AB in 10 -3 M, 10 -4 M and 510 -5 M of salt concentrations respectively, e) and f) co-grafted NPs Au/AB:DMB 10 -4 M and 510 of salts concentrations, respectively.
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 45 Figure 4. High resolution XP Au4f spectrum of pristine NPs powder after lyophilization.

Figure 6 .

 6 Figure 6. (a) Voltammograms of electro-oxidation of ethanol in a solution of 0.1 M NaOH, E = -0.1 / 1.5 V vs SCE, made on the glassy carbon electrode without NPs and without EtOH in black, with NPs and without EtOH in red, without NPs and with 0.5 M of EtOH in green, with NPs and with 0.5 M of EtOH in pink and with NPs and with 1 M of EtOH in blue, (b) the zoom in 0/0.6V vs SCE.

Figure 7 .

 7 Figure 7. a) Comparison of curves of current intensity versus EtOH concentration for pristine gold NPs (X) and grafted NPs/AB at 10 -3 (), 10 -4 () and 510 -5 M (▲), b) pristine gold NPs (X) and cografted NPs/AB:DMB prepared with diazonium salts in different concentrations: 10 -3 (), 10 -4 () and 50 -5 M (▲).
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