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Electrochemical Growth of Metallic Nanoparticles onto Immobilized Polymer Brush Ionic Liquid as a Hybrid Electrocatalyst for the Hydrogen Evolution Reaction

Platinum and palladium are the first choice electrocatalysts to drive the hydrogen evolution reaction. In this report, surface modification was introduced as a potential approach to generate hybrid electrocatalyst. The immobilized polymer brush, poly(1-allyl-3-methylimidazolium) (PAMI), was used as a nanostructured template for guiding the electrochemical deposition of metallic nanoparticles (Pd, Pt). The intrinsic properties of the polymer brush in term of nanostructured architecture and the anions mobility within the polymer was exploited to generate a hybrid electrocatalyst. The latter was generated using two different approaches including the direct electrochemical deposition of Pd or Pt metal and the indirect approach through the anion exchange reaction followed by the electrochemical deposition under self-electrolytic conditions. The hybrid structure based on the polymer/metallic NP exhibits an enhancement of the catalytic performance toward hydrogen evolution reaction with a low Tafel slope and overpotential. Interestingly, the indirect approach leads to decrease the metal loading by two orders of magnitude, when compared to those generated in the absence of the polymeric layer, while retaining the electrocatalytic performance. 1 µm 1 µm 1 µm 1 µm

■ INTRODUCTION

In the era that sustainable sources become considerable for supplying the continuous increase of energetic demand, efficient catalysts are strongly required to boost the current conversion and storage systems up to higher performance. Hydrogen and oxygen are being classed as principle input and key component into several clean energy technologies 1 -5 . Energy conversion through hydrogen evolution reaction (HER) is considered as a promising sustainable pathway to produce hydrogen. In order to efficiently drive this reaction appropriates catalysts are essential. The state-of-the-art of hydrogen evolution reaction covers three families of catalysts resulting from noble metals and alloys 6 -10 , non-noble metals or transition metals 11 -13 and metal-free catalysts based on all-carbon materials 14 -17 . Accordingly, despite the high cost and low abundance, noble metals-based materials, platinum and palladium, are still largely used as highly efficient catalysts. [START_REF] Jiao | Design of Electrocatalysts for Oxygen-and Hydrogen-Involving Energy Conversion Reactions[END_REF][START_REF] Yin | Ultrathin Platinum Nanowires Grown on Single-Layered Nickel Hydroxide with High Hydrogen Evolution Activity[END_REF][START_REF] Sarkar | An Overview on Pd-Based Eectrocatalysts for the Hydrogen Evolution Reaction[END_REF] In the literature, two strategies were developed to overcome the cost-effective noble metal catalyst including the identification of promising non noble metal catalysts, 20 , 21 or seeking for a new methods to lower the quantity of noble catalysts while retaining the catalytic performances. Relying on advantageous performance offered by the noble materials, nanosized structures have been investigated and exhibit an increase of the catalytic activity concomitant with a decrease of the required quantity of materi-al. 22 , 23 The nanosized catalysts are generated using several approaches including chemical synthesis, electrochemical deposition, etc. 24 -26 In this context, tailoring the physicalchemical properties at the molecular/atomic level becomes crucial not only for boosting the performance of the existing materials but also for creating new type of molecular entities for storing and releasing the energy. Thus, very small amount of Pt nanoparticle is found to be able for boosting the system up to commercial Pt/C. [START_REF] Cheng | Platinum Single-Atom and Cluster Catalysis of the Hydrogen Evolution Reaction[END_REF] However, the deposition of Pt depends strongly on the chemical composition, crystalline structure and morphology of the substrate. Besides that, ionic liquids (ILs) become one of the best candidates for settling the energetic problems. 27 , 28 This family of compounds is nowadays a major research field offering relevant ability in different applications. [START_REF] Watanabe | Application of Ionic Liquids to Energy Storage and Conversion Materials and Devices[END_REF] Interestingly, an infinity of ionic liquids can be obtained resulting from the possibility to tailor the physical-chemical properties at (sub)nanoscopic scale. [START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 2. Variation of Alkyl Chain Length in Imidazolium Cation[END_REF] Taking the advantage of the ionic liquids, one of the promising approaches in the electrocatalysis field is the marriage of the metal catalyst and the ionic liquid. For example, several works report the use of ionic liquids as media for the synthesis of electrocatalysts leading to a higher performance toward the oxygen and hydrogen evolution reactions (OER and HER). 31 -33 Besides that, Pt catalyst covered with ionic liquid has been investigated, displaying enhanced perfor-mance toward OER and oxygen reduction reactions ORR. 34 , 35 However, the nature of the interaction between the catalyst and the ionic liquid are not well defined and less attention has been paid to the investigation of ionic liquid modified noble metal for HER. Therefore, the capability to tune the chemical properties of ionic liquids could lead to the rational design of an attractive class of effective catalysts based on Pt and Pd modified ionic liquid. In our previous study, we demonstrate that immobilized polymeric brush based ionic liquid, covalently attached to the carbon electrode, acts as an efficient electrocatalyst toward the oxygen reduction reaction. [START_REF] Pham Truong | Polymer Brushes Ionic Liquid as a Catalyst for Oxygen Reduction and Oxygen Evolution Reactions[END_REF] In addition, the polymer ionic liquid, poly(IL), was successfully used as a platform for the host guesting of other materials (Pt, Au and carbon dots) providing a synergetic effect to the hybrid structure toward ORR. [START_REF] Pham Truong | Polymer Brushes Ionic Liquid as a Catalyst for Oxygen Reduction and Oxygen Evolution Reactions[END_REF][START_REF] Pham Truong | Nitrogen Doped Carbon Dots Embedded in Poly(Ionic Liquid) as High Efficient Metal-Free Electrocatalyst for Oxygen Reduction Reaction[END_REF] Even though the increase of the catalytic activity of the as-prepared substrates, the interface between the ionic liquid moieties and the particles is relatively vague. In this current investigation, the poly(IL) is used as a nanostructured platform for guiding the electrochemical deposition of metallic nanoparticles. The immobilized poly(1-allyl-3-methylimidazolium) (PAMI) is prepared by means of surface-initiated atom transfer radical polymerization as reported in our previous works. [START_REF] Pham Truong | Polymer Brushes Ionic Liquid as a Catalyst for Oxygen Reduction and Oxygen Evolution Reactions[END_REF] Being known as the best candidate for hydrogen evolution reaction, noble metals were used, including palladium and platinum. Next, the electrochemical deposition of metal onto GC/PAMI has been performed via two distinct approaches labeled direct and indirect electrodeposition process (Scheme 1). The direct approach consists on performing the electrochemical deposition of Pt or Pd over GG/PAMI. While the indirect approach involves the anion exchange property of the polymeric ionic liquid allowing the incorporation of metal-based anions (XCl4 2-, X = Pt, Pd) followed by the electrochemical deposition in electrolyte free solution (Scheme 1). Scheme 1. Two different approaches for electrochemical deposition of nanoparticles onto GC/PAMI substrates. Direct electrochemical deposition of NPs and indirect pathway through ion exchange step.

■ EXPERIMENTAL SECTION

Instrumentation. All the electrochemical measurements were performed using three-electrode setup, where stain-less steel mesh and saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. Electrochemical impedance spectroscopy EIS measurements are performed by a VSP (Bio-logic), the remaining electrochemical measurements were recorded with a CHI900C (CH Instrument, Austin, Texas). For hydrogen evolution reaction, 0.5 M of sulfuric acid (Sigma Aldrich, > 95%) was used and bubbled with highly purified Argon (Air Liquide, France) for 30 minutes. During the tests, the as-prepared solution was kept under inert atmosphere. All the potentials were converted versus a reversible hydrogen electrode (RHE) via the following equation ( 1): E (V/RHE) = E (V/SCE) + 0.241 + 0.059 pH (1) The morphology of the prepared films was recorded by SEM (Zeiss SUPRA 40). The elemental composition at the extreme surface was characterized via X-ray photoelectron spectroscopy using Thermo VG Scientific ESCALAB 250 system fitted with a microfocused, monochromatic Al Kα (hν = 1486.6 eV) 200 W X-ray source.

Preparation of the polymer PAMI modified electrodes. The used working electrodes are glassy carbon or Indium-Tin Oxide (ITO) (ITOSOL12, 8-12 ohms with a thickness of 370 nm on 1.1 mm of glass, supplied by Solems, France). The polymerization was performed following our previously reported procedure [START_REF] Pham Truong | Polymer Brushes Ionic Liquid as a Catalyst for Oxygen Reduction and Oxygen Evolution Reactions[END_REF] . Briefly, the polymerization is based on a two-step process. The first step is the immobilization of initiator layer through the electrochemical oxidative grafting of primary amine, 2bromoethylamine, yielding to a bromide terminated electrode. Next, the modified electrode was immersed in a solution containing 10 mM of the ionic liquid monomer, 1allyl-3-methylimidazolium bromide, and a catalytic amount of all the necessary reagents (CuCl, CuCl2 and N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine as activator, deactivator and complexing agent, respectively) (Figure S1). After keeping the polymerization for 2 hrs at 60°C and under inert atmosphere, the electrodes were removed from the solution and were successively rinsed with distilled water, acetone and acetonitrile. Finally, the electrodes were dried under Argon stream.

Electrodeposition of Pd and Pt via a direct approach. The metallic nanoparticles were deposited onto the electrode surface, GC/Poly(IL), by chronoamperometry technique, which consists to apply a fixed potential during 100 s in deoxygenated 1 mM of metallic salt, i.e. Na2PdCl4 (Sigma Aldrich, > 99.9%) or K2PtCl4 (Sigma Aldrich, >99.9%) aqueous solution containing 0.1 M of KCl (Bioreagent, Sigma Aldrich, > 99%) as supporting electrolyte. The applied potential is ranged from 0.2 to -1 V/SCE for Pd deposition and from 0 to -1 V/SCE for Pt deposition. The generated electrodes were rinsed thoroughly with distilled water (<18 MΩ.cm), ethanol (GRP RECTAPUR, 96%) and dried under Argon stream.

Electrodeposition of Pd via an indirect approach. After the polymerization, the electrode was immersed in aqueous solution containing a 1 mM of metallic salt (Na2PdCl4) during 2h. Next, the electrode was rinsed thoroughly with distilled water and transferred into the electrochemical cell containing ultrapure water (>18 MΩ.cm) without the addition of the supporting electrolyte. The electrodeposition was performed under similar potential range, as described above. Then, the modified electrodes were rinsed with distilled water, ethanol and dried under Argon stream.

■ RESULTS AND DISCUSSION

Direct electrochemical deposition approach. The electrochemical deposition of palladium and platinum was performed directly on GG/Poly(IL) electrode in electrolytic solution containing 1 mM of the corresponding metallic salt. To cover a large window of deposition potential, different samples were prepared with a deposition potential ranging from 0.2 to -1 V/SCE at a fixed time (100 s). The typical electrochemical response of Pd decorated GC/PAMI electrode was recorded in N2-saturated 0.5 M H2SO4 solution as shown in Figure S2. At a potential higher than 0.7 V, an anodic peak is observed corresponding to the oxidation of Pd. These oxidized species are reduced at 0.4 V. Besides that, the reduction peak at the potential ranging from 0 V to -0.4 V corresponds to the proton reduction/hydrogen adsorption and the reverse peak attributed to hydrogen evolution/desorption process. Similar CV's for Pt decorated GC/Poly(IL) was also recorded showing the transformation of metallic platinum into oxide at 1.3 V and the reverse reaction is observed at 1. The SEM revealed that the morphology and the size of the particles deposited onto ITO are different depending on the presence or the absence of the polymeric ionic liquid layer. Common behavior for both metals is the formation of nanoparticles after the electrochemical deposition. The size of the particles decreases in the presence of the poly(IL) layer. For Pd NPs deposited onto ITO a very dense nanoparticles layer cover the electrode with a larger size (up to 200 nm) were obtained as shown in Figure 1a, while in the presence of the Poly(IL) layer less dense NP layer is observed and the particles size is smaller than those obtained in the absence of the polymer brush layer (< 50 nm) (Figure 1.b). In the case of the platinum electrodeposition, smaller nanoparticles were observed in the presence of the PAMI (Figure 1e) when compared to those generated on ITO electrode (Figure 1d). Figure 1c and f compare the nanoparticles size distribution and confirm that in the presence of the polymer brush structure the Pt and Pd NPs have an average size of about 50 nm while in the absence of the poly(IL) the NPs size reach an average of about 200nm. By depositing metallic nanoparticles via chronoamperometry technique, the measured current is composed of 3 components, including the double layer charge contribution, the 2D-instantaneous nucleation and 3D nucleation with diffusion-controlled growth. From the SEM images, the formation of 3D nanoparticles was observed. Consequently, the measured current, especially the nucleation rate constant varies with the applied potential resulting from the mechanism of Langmuir -type adsorption/desorption equilibrium followed by 3D nucleation under diffusion-controlled regime. 38 -40 Even though the mechanistic investigation of nucleation and growth of the nanoparticles is still at the spectacular stage, it is still possible to conclude that the nucleation of nanoparticles is strongly affected by the concentration of the metallic ions at the vicinity of the electrode surface and the applied potential. By combining the SEM images and the polymer brushes structure, possible explanation can be assigned to the high density of cations within the film that are converted to numerous nucleation sites for the formation of the final material. Consequently, smaller size particles are obtained using the poly(IL) as template, i.e. higher specific surface area, rather than big particles in the absence of the poly(IL) film. X-ray photoelectron spectroscopy (XPS) was used to follow the change in the atomic composition of the surfaces ITO/Poly(IL)/Pd NPs and ITO/Poly(IL)/Pt NPs. The C(1s) spectrum exhibits the presence of three components at binding energy of 285, 286.4 and 288.4 eV which are attributed to the binding energy of carbon backbone (C-C), -C=N group from imidazolium ring and -COO from the surface contamination, respectively. [START_REF] Bui-Thi-Tuyet | Surface and Electrochemical Properties of Polymer Brush-Based Redox Poly(Ionic Liquid)[END_REF] Besides that, the N(1s) spectra displays a major signal at 401.7 eV corresponding to imine group from imidazolium ring. [START_REF] Bouden | Surface Initiated Immobilization of Molecules Contained in an Ionic Liquid Framework[END_REF] These results confirm the presence of the poly(IL), PAMI, at the electrode surface. In addition, the XPS spectrum shown in Figure 2 c, reveals the presence of the peak at 335 eV attributed to Pd3d5/2 and confirms the presence of metallic Pd. [START_REF] Chen | X-ray Photoelectron Spectroscopic Studies of Pd Nanoparticles Deposited onto Highly Oriented Pyrolytic Graphite: Interfacial Interaction, Spectral Asymmetry, and Size Determination[END_REF] In the case of Pt electrodeposition, the XPS spectrum shows the presence of metallic Pt as attested by the location of the Pt4f7/2 peak at 71 eV. 44 The XPS analysis confirms the presence of the poly(IL) and the metallic character of the electrodeposited Pd and Pt NPs.

The electrocatalytic performance of the generated materials toward hydrogen evolution reaction (HER) was evaluated. The selected samples are prepared at different deposition potential ranging from 0.2 V to -1 V/SCE. Figure 3a displays the LSV polarization curves recorded in N2saturated 0.5 M H2SO4 for Pd deposited onto GC/PAMI at different potentials 0.2, -0.2, -0.4 and -0.8 V/SCE. Compared to the bare GC electrode, all the modified electrodes GC/Poly(IL)/Pd NPs exhibit a higher catalytic activity toward HER. The electrocatalytic activity depends on the applied deposition potential, (Figure S3), as attested by the change of the onset potential and the current density. This variation could be related to several parameters including the size and the morphology of the NPs, the exposed active catalyst site, the accessibility to the catalyst and the presence of the polymer brush based ionic liquid. Figure 3b summarizes the electrocatalytic activities of GC/Poly(IL)/Pd NPs generated at different electrodeposition potentials. The curve reports the variation of the onset potential and the required overpotential to achieve a current density -10 mA.cm -2 as function of the applied potential for Pd electrodeposition. One has to note that each point represents an average of 5 GC/Poly(IL)/Pd electrodes. The comparison clearly shows that the electrocatalytic activity depends on the applied deposition potential and that the sample prepared at -0.2 V/SCE exhibits the lowest onset potential (-50 mV) and the most positive overpotential (170 mV) at a current density of -10 mA.cm -2 . In order to evidence the role of the polymer brush Considering the lowest onset potential and overpotential to achieve -10 mA.cm -2 , the best electrocatalytic performance was obtained when the Pd is deposited either on GC or GC/Poly(IL) at potential -0.2 V/SCE. The GC/Pd displays an onset potential at -100 mV and an overpotential of about 222 mV, while the GC/Poly(IL)/Pd shows lower values -50 mV for the onset potential and -170 mV for the overpotential. This result suggests that the presence of the poly(IL) enhances the electrocatalytic performance of the Pd toward HER. This enhancement could be related to several parameters including the hierarchical polymer brushes structure that guide the electrochemical growth of the Pd, the chemical composition of the polymer including the presence of nitrogen (electron-rich dopant) in imidazolium which may facilitate the electron transfer and or affect the H* adsorption, and to the presence of synergetic effect between the Pd and the poly(IL).

It is well -known that depending on the catalyst the proton reduction can follow two pathways, the Volmer -Heyrovsky or the Volmer -Tafel mechanism. Being considered as model catalytic reaction, the HER is a typical example of two electron transfer reaction with an intermediate (H* where "*" denotes the catalytic site). The detailed reactions are given below. [START_REF] Sun | Porous Multishelled Ni2P Hollow Microspheres as an Active Electrocatalyst for Hydrogen and Oxygen Evolution[END_REF] Volmer step: H + + e -+ * → H* (1) Heyrovsky step: H* + H + + e -→ H2 + *

(2) Tafel step:

2H* → H2

(3) The reaction rate is largely depended on the adsorption of the proton onto the catalyst surface, i.e. the adsorption free energy (ΔGH). In the case of low binding energy, the adsorption becomes the rate determining step, RDS, (Volmer step) whereas for strong binding energy, the desorption step becomes the rate determining step (Heyrovsky/Tafel step). To correlate the reaction rate and the mechanism, Tafel slope is used. The value of the Tafel slope determines the RDS. Briefly, Tafel step is the RDS for a Tafel slope around 30 mV.dec -1 , the value indicating the Heyrovsky step is 40 mV.dec -1 and a Tafel slope of 120 mV.dec -1 could be attributed to the surface coverage of adsorbed hydrogen or Volmer step. It is well known that the adsorption of hydrogen into the noble metal lattice results to either the formation of metal hydride surface, called underpotential deposited hydrogen (H-UPD), or overpotential deposited hydrogen, H-OPD, which is generated below H + /H2 potential. It has been demonstrated that the H-OPD are intermediates for the reduction reaction while the H-UPD remain spectator during the process. [START_REF] Conway | Interfacial Processes Involving Electrocatalytic Evolution and Oxidation of H2 and the Role of Chemisorbed H. Electrochim[END_REF] Several works reported that Pd based materials are suitable for hydrogen storage, H-UPD, due to the strong permeability and the high solubility of hydrogen at Pd surface. 47 , 48 Thus, the adsorption of H-OPD may be the limiting factor for the catalytic performance of the Pd based materials. In our case, values close to 120 mV.dec -1 have been obtained for all of the samples (Figure S4a), suggesting that the adsorption of the hydrogen into the catalyst surface is the limiting step. The evolution of the Tafel slope as function of the deposition potential is reported in the Figure S4b. In the absence of the polymeric ionic liquid layer, the GC/Pd NPs shows a Tafel plot around 100 mV.dec -1 while The GC/Poly(IL)/Pd NPs exhibits the lowest Tafel slope of 90 mV.dec -1 , suggesting improvement of the adsorption of the H-OPD. The decrease of the Tafel slope suggests a faster kinetics on GC/Poly(IL)/Pd electrode which could be related to the N (electron-rich dopant in the imidazolium). The latter could induce several effects including, facilitates the efficient electron transfer and reduce the energy barrier. Similar effect has been reported on N doped carbon electrocatalyst. 34,35, 49 , 50 However, the value of the Tafel slope is relatively subjective since the latter depends on the choice of the j-V region and the iRdrop correction. Therefore, the only possible conclusion that can be announced is the exclusion of combination and ion -atom reactions as the limiting steps. Despite the need of more powerful analysis tools for achieving exact mechanism, the clear standpoint is that the electrochemical deposition in the presence of the immobilized ionic liquid layer enhances the adsorption of hydrogen probably thanks to nitrogen atoms within the imidazolium. This result is further confirmed by the electrochemical impedance spectroscopy tests. As shown in the Figure 4b, the charge transfer resistance is lower in the presence of the polymer ionic liquid layer (1 kΩ compared to 3.5 kΩ), suggesting a higher electron transfer between the catalyst and the electrode surface. Overall, the results confirm that the presence of polymeric ionic liquids influences not only the nano-structuration of the metallic layer but also its catalytic performance.

Even though improvement of the catalytic activity through the presence of PAMI, the performance of the PAMI/Pd is still lower from the activity of platinum. Indeed, similar approach has been performed to Pt based catalysts. The electrochemical deposition was performed onto GC/Poly(IL) electrodes using different deposition potential during 100 s in aqueous electrolytic solution containing Na2PtCl4. Afterwards, the catalytic activity of different electrodes was evaluated toward HER in 0.5 M N2saturated H2SO4 solution as displayed in the Figure 5a and Figure S6. Figure 5a shows that the electrocatalytic activity of the asprepared GC/Poly(IL)/Pt toward HER depends on the applied potential during the electrochemical growth of Pt. The comparison displays that the best electrocatalyst with an onset potential at -25 mV corresponds to the sample prepared under amperometric conditions at -0.6 V/ SCE. This sample shows an overpotential of 65 mV to reach 10 mA.cm -2 , which is among the most efficient catalysts toward HER. 51 -54 Besides that, in the absence of the poly(IL) layer the best GC/Pt electrocatalyst presents onset potential at -55 mV and overpotential of about 90 mV. This result confirms the enhancement of the electrocatalytic activity of noble metal (Pt and Pd) in the presence of polymer ionic liquid, based imidazolium, brush structure.

Next, the Tafel curves were plotted and the slope were calculated for the different generated samples (Figure S5b). The Volmer -Tafel mechanism occurs when the H coverage is very high (θ ~ 1), which is the case for Pt based catalysts. [START_REF] Conway | Interfacial Processes Involving Electrocatalytic Evolution and Oxidation of H2 and the Role of Chemisorbed H. Electrochim[END_REF] For deposition potential ranging from -0.2 V to -0.8 V/ SCE, the Tafel slopes are found to be around 30 mV.dec -1 , indicating that the Tafel step is the rate determining step which is coherent with the previously reported works. [START_REF] Cheng | Platinum Single-Atom and Cluster Catalysis of the Hydrogen Evolution Reaction[END_REF][START_REF] Li | Enhanced Electrocatalytic Performance for the Hydrogen Evolution Reaction Through Surface Enrichment of Platinum Nanoclusters Alloying with Ruthenium In Situ Embedded in Carbon[END_REF] Interestingly, compared to the activity of the GC/Pt electrode, the presence of polymeric ionic liquid increases the catalytic activity of the platinum (Figure 5b). Indeed, the GC/Poly(IL)/Pt electrode shows a higher catalytic activity with an overpotential of 70 mV to achieve current density of 20 mA.cm -2 compared to 100 mV obtained in the absence of the PAMI layer (Figure 5b). Besides, the charge transfer is evaluated using EIS, resulting to a 40-times lower RCT in the case of GC/PAMI/Pt at ƞ = 70 mV. The enhancement of the catalytic performance toward HER confirms the importance of the polymeric ionic liquid. The crucial role of the polymer ionic liquid can be attributed to different features. Firstly, as discussed in the previous part, the concentration of the metallic anion is higher inside the layer rather than in the bulk, suggesting higher nucleation and growth rate due to diffusion-controlled system. Secondly, the organization of the polymer layer in a brush like structure can participate to the orientation of the deposited metallic structure. Finally, the interaction of the polymer layer and the deposited particles may also enhance the hydronium conduction and charge transfer rate at this interface. Another parameter that should be considered is the metal loading (µ). The later was measured using the following formula µ = Q×M/n×F, where Q represents the charge during the electrodeposition, M de molecular weight of the metal (Pt or Pd), n the number of electron and F the Faraday constant. The average metal loading in the case of Pd electrodeposited at -0.2 V on GC is 3.6 µg.cm -2 , while for Pd deposited onto GC/Poly(IL) a value of 0.4 µg.cm -2 was observed. Similarly, in the case of Pt, the estimated metal loading is 5 µg.cm -2 for GC/Pt and 0.8 µg.cm -2 for GC/Poly(IL)/Pt. Interestingly, the electrochemical deposition of Pd or Pt onto polymer brush ionic liquid leads to decrease the metal loading by a factor of 9 (case of Pd) and 6 (case of Pt) when compared to the electrodeposition on bare GC. Considering this effect the electrocatalytic performances, especially the overpotential should be lower than the reported values in this work. For a fair comparison, benchmarking catalyst (i.e. commercial Pt/C NPs and Pd NPs) were used. In the case of Pd NPs, the electrochemical deposited nanoparticles exhibit higher catalytic activity compared to the drop-casted Pd NPs. As the particles are support free Pd, this phenomenon could be explained by increasing the charge transfer resistance due to electrical disconnection between particles. Furthermore, based on Marcus -Hush theory, the electron transfer rate constant is related to the reorganization energy and Gibb's free energy. In presence of electron-rich groups, the adsorption of proton could be facilitated, resulting to a decrease of reorganization energy. Thus, the electron transfer rate constant increase. This argument can be solidified by the decrease of the Tafel slope and of charge transfer resistance of Pd NPs in presence of PIL layer, which are obtained from the Figure 4. In contrary, by using Pt as catalyst, the use of PIL to enhance the adsorption of proton could be neglected because the RDS is attributed to the Tafel step. Nevertheless, the presence of PIL provides higher number of nucleation sites for growing of NPs. In case of commercial Pt/C NPs, their activity is slightly higher than our current strategy (Figure 5b). However, it is worth noting that the metal loading is about 60 times lower by using electrodeposition (0.8 µg.cm -2 vs 46 µg.cm - 2 ), suggesting an increase of catalytic performance in terms of normalized metal loading. Indirect electrochemical deposition approach. The purpose of this part is to prove the possibility to generate nanoclusters of noble metal by the anion capturing property of the polymeric ionic liquid, e.g. poly(1-allyl-3methylimidazolium). The imidazolium skeleton of the asprepared poly(IL) film creates extremely high cationic charge density at the interface between the electrode/solution interface. The electrostatic attraction allows strong molecular interaction between the imidazolium rings and metal-based anion (PdCl4 2-). The specific feature allows the PAMI modified electrode receiving a large density of metal precursors, which acts as reservoir for further electrochemical deposition of clusters. The electrochemical nucleation and growth of the nanoparticles can be occurred in distilled water under selfelectrolytic conditions (without any additional supporting electrolyte). The electrochemistry of immobilized ionic liquid in electrolytic free solution is reported in the previous works. 56 , 57 Thus, by applying a cathodic potential, the anion (PdCl4 2-) inside the film can act as both precursor and metal reservoir for growing the nanoparticles. After the electrochemical deposition in aqueous solution, the presence of clusters was first evidenced by the electrochemical characterization in aqueous acidic solution (0.5 M H2SO4). The typical signal of the Pd 0 (Figure S6) was observed as described in the previous part. However, the current intensity attributed to the oxidation of Pd and Pt particles is lower than that observed for direct approach. It is noted that even the concentration at the vicinity of the electrode is higher in the current case, the quantity of the anions is still scanty within very thin layer of the polymer.

Thus, the quantity of metallic Pd generated in this case must be lower. X-ray photoelectron spectroscopy (XPS) was used to follow the change in the chemical composition of the surface of different substrates (Figure 6). After anion exchange, the high-resolution spectra of the Pd(3p) exhibits lump signal of the Pd 2+ (3p 3/2 and 3p 1/2 ) centered at 337 eV and 343 eV, indicating the presence of PdCl4 2-within the polymer film (blue curve Figure 6). Interestingly, after the electrochemical deposition, the Pd(3p) peaks are shifted to lower binding energy 334.8 eV and 340.8 eV corresponding to Pd 0 confirming the formation of metallic Pd inside the polymeric film (red curve Figure 6). The binding energy of Pd 0 is shifted by 0.25 eV compared to bare metallic Pd. The latter is attributed to a strong interaction between metallic Pd and nitrogen atoms from the polymer layer. Consequently, the Pd particles have negative charge when they are in contact with the film, leading to higher catalytic performance [START_REF] Liu | Au-Carbon Electronic Interaction Mediated Selective Oxidation of Styrene[END_REF] . In addition, the variation of the Cl(2p) signals confirms the occurrence of the anion exchange. Precisely, the appearance of Cl signal at 198 eV and 199 eV, attributed to 2p3/2 and 2p1/2 respectively, confirms that the PdCl4 2-is trapped inside the polymer layer (blue curve Figure 6). Next, a decrease of the Cl -contribution after the electrodeposition (red curve Figure 6) is observed confirming the formation of metallic Pd. Moreover, the nitrogen signal at 401.5 eV is still visible confirming the presence of imidazolium. Overall, the XPS measurements evidence the anion exchange and the presence of metallic Pd generated after electrochemical treatment in aqueous electrolyte free solution. Afterwards, the catalytic performance of the as-prepared electrodes toward the HER was evaluated. Figure S7a displays the LSV of different GC/Poly(IL)/Pdindirect electrodes generated under various potential deposition. The comparison clearly shows the presence of electrocatalytic activity and that the sample prepared under a cathodic electrodeposition at -0.2 V/SCE exhibits the highest performance. Typically, the GC/Poly(IL)/Pdindirect deposited at -0.2 V/SCE exhibits the lowest onset potential around -100 mV and an overpotential of 240 mV for a current density about -10 mA.cm -2 (Figure 7a). It is known that the electrocatalytic property of a material is influenced by several factors, including electrical conductivity, defect density, electrochemical active surface area (ECSA) of the material, etc. The value of ECSA was calculated according to the following equation ( 2):

2 1 6 H HM Q ECSA (m .g ) x10 WAQ   
(2) Where W is the quantity of metal loading (µg.cm -2 ), A is the geometric surface area of electrode (cm 2 ), QH (C) is the electric charge for hydrogen adsorption/desorption and QH-M (C.m -2 ) is the standard charge of hydrogen on a smooth metal M surface. The ECSA for Pd generated using the indirect approach provides higher ECSA (55.47) compared to the direct electrochemical deposition approach (2-3 times). X. Xie et al reported the ECSA value of 51.17 m 2 .g -1 for 5-7 nm reduced-polyoxometalate supported palladium which is lower than our reported value, confirming that the generated particles via indirect approach have smaller size than 5 nm. [START_REF] Bui-Thi-Tuyet | Surface and Electrochemical Properties of Polymer Brush-Based Redox Poly(Ionic Liquid)[END_REF] The stability of the GC/Poly(IL)/Pdindirect electrode was tested as shown in Figure S8). The result displays that the current retention remains higher than 90 % after a polarization at -0.2 V vs RHE during 4000 s. The kinetic is evaluated by plotting the Tafel curve which gives a value of 89 mV.dec -1 , indicating a higher adsorption rate by decreasing Volmer step limitation (Figure S7b). This value is similar to that obtained from the direct approach, suggesting both samples follow the same HER mechanism. To get more insight about the charge transfer kinetic, electrochemical impedance spectroscopy was performed at different overpotential for the sample prepared at -0.2 V/ SCE (Figure S9). As displayed in the Figure S8a, the GC/PAMI/Pdindirect exhibits single semicircle for all of the used overpotentials, suggesting that the equivalent circuit can be constructed by single time constant. The potential dependence of the resistance and of the capacitance (R-CPE circuit) reflects the kinetic of the HER process. Indeed, the charge transfer resistance decreases from 8250 Ω at ƞ = 60 mV to 500 Ω at ƞ = 200 mV. In addition, the variation of the log(RCT -1 ) as function of the overpotential was plotted as shown in the Figure S8c, resulting to a linear relationship at low overpotential. The calculated Tafel slope is 83 mV.dec -1 for the GC/Poly(IL)/Pdindirect obtained from the EIS data which is similar to that obtained from the LSV. In addition to the value of the charge transfer resistance, the capacitance derived from the CPE is another important parameter. The application of high overpotential conducts to a decrease of the double layer capacitance (Figure S9e) from 0.14 mF.cm -2 at 60 mV (approximately 40 mF.mg -1 ) to 0.04 mF.cm -2 at 200 mV (~15 mF.mg -1 ). These variations could be attributed to the partial blockage of the electrode surface by the generated hydrogen species due to the formation of microbubbles. The high values of the double layer capacitance for the particles decorated the polymer ionic liquids highlight the ionic character of the polymer and the small size of the particles, suggesting the presence of large specific surface areas. Besides, the time constant for the electron transfer across the catalyst/electrolyte interface can be estimated as, i.e. τ = RC, where smaller τ represents higher electron transfer rate. As presented in the Figure S8d, the evolution of τ as function of the potential shows a decrease by 3 orders of magnitude from 0 V to -0.17 V/RHE, suggesting an increase of the electron transfer kinetic. In addition, below -0.2 V/RHE, τ values reach saturation at around (10 -3 s). This value reflects purely the charge transfer kinetic and excludes other contributions suggesting that the Volmer step is the RDS during the reduction process. In the other hand, the overpotential needed to reach -10 mA.cm -2 at the GC/Poly(IL)/Pdindirect is around 240 mV compared to 222 and 170 mV obtained for GC/Pd NPs and GC/Poly(IL)/Pddirect, respectively. A simple comparison may lead to conclude that the GC/Poly(IL)/Pdindirect electrode presents a better electrocatalytic performance when compared to GC/Poly(IL)/Pdindirect. However, as stated above the quantity of the metal within the film has to be considered for a more accurate evaluation of the electrocatalytic performance. Thus, the sample prepared via ion exchange approach is a promising route to decrease the quantity of the active materials. Indeed, the metal loading of Pd using the indirect approach is around 0.04 µg.cm - 2 which is 1 order of magnitude lower than that measured for a direct approach (0.4 µg.cm -2 ) and almost 2 orders of magnitude lower when compared to GC/Pd sample (3.6 µg.cm -2 ). Indeed, considering this difference, the LSV curves were replotted by reporting the variation of the current density at the same metal loading as function of the potential (Figure 7b). Taking onto account this parameter the onset is -25 mV and the overpotential to reach -10 mA.cm -2 is 120 mV. As consequence, the GC/Poly(IL)/Pdindirect displays a higher electrocatalytic performance toward HER when compared to GC/Poly(IL)/Pddirect and GC/Pd.

■ CONCLUSION

In summary, this work investigates the electrochemical deposition of Pt and Pd onto polymer brush ionic liquid based on imidazolium. A series of hybrid materials generated using direct electrochemical deposition over the polymer layer were investigated. The presence of the polymer layer changes the morphology of the electrodeposited nanoparticles. Thus, the hybrid materials exhibit an enhancement of the catalytic performance. In a second approach, the polymer ionic liquid is used as a host -guest platform to capture the metallic anion, followed by electrochemical deposition under self-electrolytic condition in distilled water. The final hybrid material displays a strong electrocatalytic activity toward HER with a low catalyst loading (up to 2 orders of magnitude). The presented approach could be extended to other monomer ionic liquid, metals and transition metals dichalcogenides such as MoS 2 . The simplicity of the material elaboration combined to the number of possible polymer-based ionic liquids (estimated around 10 4 polymers) is a promising route toward the modulation of the catalytic performance of metal electrocatalysts.
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  2 V. Even though the hydrogen adsorption peak is hindered by the HER, the anodic peak indicates a strong desorption of the H2 molecule from the Pt surface. Depending on the applied potential, the nucleation and growth process of the metallic structure at the GC/Poly(IL) are different, resulting from the difference of the thermodynamic barrier. These electrochemical characterizations confirm the electrodeposition of Pd and Pt over the GC/Poly(IL) electrode. Scanning Electron Microscopy (SEM) leads to determine the morphology and the size of the deposited materials. Typical images of the samples prepared by depositing Pd or Pt on GC/Poly(IL) electrodes are presented in the Figure 1.

Figure 1 .

 1 Figure 1. SEM images of (a) ITO/Pd NPs deposited at -0.2 V/ SCE and (b) ITO/Poly(IL)/Pd NPs; (c) Pd NPs size distribution in the presence and in the absence of Poly(IL) layer; (d) ITO/Pt NPs deposited at -0.6 V/ SCE; (e) ITO/Poly(IL)/Pt NPs; (f) Pt NPs size distribution.

Figure 2 .

 2 Figure 2. (a), (b) and (c) XPS high resolution spectra of C(1s), N(1s) and Pd(3d) recorded on ITO/Poly(IL)/Pd. (d) XPS spectrum of Pt for the sample ITO/Poly(IL)/Pt. Figures 2a and b display the high-resolution spectra of C(1s) and N(1s) elements. Similar behavior was observed for both surfaces despite the presence of the Pd or Pt NPs.The C(1s) spectrum exhibits the presence of three components at binding energy of 285, 286.4 and 288.4 eV which are attributed to the binding energy of carbon backbone (C-C), -C=N group from imidazolium ring and -COO from the surface contamination, respectively.[START_REF] Bui-Thi-Tuyet | Surface and Electrochemical Properties of Polymer Brush-Based Redox Poly(Ionic Liquid)[END_REF] Besides that, the N(1s) spectra displays a major signal at 401.7 eV corresponding to imine group from imidazolium ring.[START_REF] Bouden | Surface Initiated Immobilization of Molecules Contained in an Ionic Liquid Framework[END_REF] These results confirm the presence of the poly(IL), PAMI, at the electrode surface. In addition, the XPS spectrum shown in Figure2 c, reveals the presence of the peak at 335 eV attributed to Pd3d5/2 and confirms the presence of metallic Pd.[START_REF] Chen | X-ray Photoelectron Spectroscopic Studies of Pd Nanoparticles Deposited onto Highly Oriented Pyrolytic Graphite: Interfacial Interaction, Spectral Asymmetry, and Size Determination[END_REF] In the case of Pt electrodeposition, the XPS spectrum shows the presence of metallic Pt as attested by the location of the Pt4f7/2 peak at 71 eV.44 The XPS analysis confirms the presence of the poly(IL) and the metallic character of the electrodeposited Pd and Pt NPs. The electrocatalytic performance of the generated materials toward hydrogen evolution reaction (HER) was evaluated. The selected samples are prepared at different deposition potential ranging from 0.2 V to -1 V/SCE. Figure3a

Figure 3 .

 3 Figure 3. (a) HER polarization curve (LSV) at 10 mV.s -1 in 0.5 M H2SO4 aqueous solution for GC/Poly(IL)/Pd generated at different electrodeposition potential. (b) Variation of the onset potential (black) and the overpotential (blue) at current density -10 mA.cm -2 as function of the deposition potential.

  experiments were performed by electrodeposition of Pd onto bare GG electrode and their catalytic activities toward HER were evaluated. Figure4acompares the best electrocatalytic HER performance obtained on the electrodes GC/Pd and GC/Poly(IL)/Pd.

Figure 4 .

 4 Figure 4. (a) HER polarization curve (LSV) at 10 mV.s -1 in 0.5 M H2SO4 aqueous solution and the corresponding Tafel slope. (b) EIS curve recorded at -0.2 V/RHE on GC/Pd NPs (black curves) and GC/Poly(IL)/Pd NPs deposited at -0.2 V/ SCE (red curves).

Figure 5 .

 5 Figure 5. (a) HER polarization curves (LSV) at 10 mV.s -1 in 0.5 M H2SO4 aqueous solution of GC/Poly(IL)/Pt electrodes obtained at different electrodeposition potential; (b) LSV curves comparing the GC/Pt and GC/Poly(IL)/Pt NPs generated under chronoamperometric conditions at -0.6 V/ SCE.

Figure 6 .

 6 Figure 6. High resolution XPS spectra of Cl(2p) and Pd(3p), elements on different substrates. (Black curves) GC/Poly(IL), (blue curves) GC/ Poly(IL)/PdCl4 2-and (red curves) GC/ Poly(IL)/Pdindirect.

Figure 7 .

 7 Figure 7. (a) HER polarization curve at 10 mV.s -1 in 0.5 M H2SO4 aqueous solution on GC/Poly(IL)/Pddirect (red) and GC/Poly(IL)/Pdindirect (blue). (b) Variation of the current density at the same metal loading as function of the potential.
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