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The electro-oxidation of alcohols and most particularly of methanol has been investigated extensively given its great potential in energy-saving technologies such as that of direct methanol fuel cells (DMFCs). DMFC is a potential candidate for power generation due to high energy conversion efficiency, low operation temperature, low pollutant emission, ease of storage and low cost [START_REF] Liu | Well-dispersed palladium nanoparticles on three-dimensional hollow N-doped graphene frameworks for enhancement of methanol electrooxidation[END_REF]. The application of DMFC is restricted by two main disadvantages in conventional anodic catalysts supported on carbon (such as Pt/C), namely high cost and sluggish kinetics of methanol electro-oxidation at low temperatures. Consequently, current research is oriented towards the development of alternative catalysts containing low amounts of Pt or even non-Pt catalysts [START_REF] Kakati | Anode catalysts for direct methanol fuel cells in acidic media: Do we have any alternative for Pt or Pt-Ru?[END_REF]. In this regard, Pd-based catalysts are of interest due to their high activity for the electro-oxidation of alcohols in alkaline media [START_REF] Noroozifar | Electrochemical investigation of Pd nanoparticles and MWCNTs supported Pd nanoparticles-coated electrodes for alcohols (C1-C3) oxidation in fuel cells[END_REF][START_REF] Yin | Porous palladium nanoflowers that have enhanced methanol electro-oxidation activity[END_REF][START_REF] Kannan | One-pot synthesis of chain-like palladium nanocubes and their enhanced electrocatalytic activity for fuel-cell applications[END_REF][START_REF] Pan | Electrochemical synthesis, voltammetric behavior, and electrocatalytic activity of Pd nanoparticles[END_REF][START_REF] Ding | Cyclic voltammetric preparation of palladium nanoparticles for ethanol oxidation reaction[END_REF]. Furthermore, Pd is more abundant than Pt, thus justifying the current intensive researches with this metal.

The synthesis of palladium nanoparticles onto various carbon and non-carbon supports has been widely studied. Different chemical methods are used including the use of organic molecules to stabilize the particles and limit their agglomeration. Depending on the stabilizer used for the synthesis of the metal nanoparticles, the interaction stabilizer-surface can be through a strong covalent linkage, chemisorbed atom or electrostatic [START_REF] Cookson | The preparation of palladium nanoparticles[END_REF]. Some investigations demonstrated that the stabilizers can modify the surface state of metal nanoparticles and consequently, their surface properties, offering thus a way to tune them [START_REF] Erikson | Recent progress in oxygen reduction electrocatalysis on Pd-based catalysts[END_REF][START_REF] Ramirez | Shape control of platinum nanoparticles[END_REF]. This is interesting considering catalysis as application since a stabilizing ligand can be chosen to influence the catalytic properties of the particles. However, a right balance is needed between the ability of a ligand to stabilize metal nanoparticles and the accessibility of reactant molecules to their surface for the catalysis to happen [START_REF] Flanagan | Preparation and characterization of 4dimethylaminopyridine-stabilized palladium nanoparticles[END_REF]. Table 1 provides some of the main methods reported for the fabrication of protected-Pd nanoparticles using various organic molecules as stabilizers [START_REF] Noroozifar | Electrochemical investigation of Pd nanoparticles and MWCNTs supported Pd nanoparticles-coated electrodes for alcohols (C1-C3) oxidation in fuel cells[END_REF][START_REF] Yin | Porous palladium nanoflowers that have enhanced methanol electro-oxidation activity[END_REF][START_REF] Kannan | One-pot synthesis of chain-like palladium nanocubes and their enhanced electrocatalytic activity for fuel-cell applications[END_REF], such as PVP, ethylene glycol, phosphines, amines, alcohols, thiols, etc. However, less common stabilizers such as symmetric diphosphites or alkylether N-substituted pyrazole ligands and others have been employed focusing to specific catalytic applications. Some reported facts indicated that appropriate surface modification of metal nanoparticles might improve their electrocatalytic activity for a given electrochemical reaction [START_REF] Shi | Oleylamine-functionalized palladium nanoparticles with enhanced electrocatalytic activity for the oxygen reduction reaction[END_REF]. The nature of metal precursors is important to obtain metal nanoparticles with well-defined characteristics. Pd-nanoparticles have been generally synthesized by the chemical reduction of Pd salts and organometallic precursors have been rarely used, Table 1.

However, the synthesis of Pd nanoparticles using Pd(acac)2 provided more monodisperse distributions of Pd-nanoparticles than chloride salts. In addition, the carbon monoxide generated in situ from the decomposition of the acac ligands is crucial to control the particle growth process [START_REF] Kim | Synthesis of monodisperse palladium nanoparticles[END_REF]. An alternative to Pd(acac)2 is the Pd2(dba)3 organometallic complex. The decomposition of this precursor under hydrogen in the presence of weakly coordinating ligands like amines as stabilizers is known to generate Pd-nanoparticles that are controlled in size and dispersion [START_REF] Ramirez | Influence of organic ligands on the stabilization of palladium nanoparticles[END_REF].

In the present work, we report on the use of the organometallic approach for a one-pot synthesis of a Pd-nanocatalyst dispersed onto Vulcan carbon, starting from Pd(dba)2 as the metal source and using by hexadecylamine as a stabilizer. This synthesis method allowed to obtain a Vulcansupported Pd-nanomaterial made of ca. 4.5 nm in size Pd nanoparticles that are well-dispersed on the carbon matrix. When this nanomaterial was heat-treated at 400°C under air, a core-shell Pd@PdO structure was obtained. A comparison study of the two nanomaterials, Pd/HDA/C and Pd/HDA/C@air-ht, has been performed for the methanol electro-oxidation reaction.

Experimental

Synthesis of vulcan-supported HDA-stabilized Pd-nanoparticles

All experiments were carried out using standard Schlenk tube or Fischer-Porter bottle techniques under nitrogen (99.998%, INFRA). Bis(dibenzylideneacetone)palladium(0), Pd(dba)2 (99%, Sigma-Aldrich), hexadecylamine, CH3(CH2)15NH2 (98%, Sigma-Aldrich) and dihydrogen, H2 (99.997%, INFRA) were used as metal source, stabilizer and reactive agent, respectively. Anhydrous THF and pentane (99.9%, Sigma-Aldrich) were used as solvents under nitrogen.

In a typical synthesis, 0.783 mmol of Pd(dba)2 and 1.56 mmol of HDA (1:2 molar ratio Pd:HDA) were dissolved in 60 mL of THF under nitrogen atmosphere in a Fisher-Porter bottle containing Vulcan carbon (XC-72R; 90 wt.%). The reaction mixture was then pressurized with dihydrogen (3 bar) and left to react (20 h) at room temperature (r.t.) under vigorous stirring, Figure 1. The dihydrogen excess was then eliminated and the reaction mixture concentrated by solvent evaporation under vacuum. The addition of anhydrous pentane to the suspension allowed to separate the Pd-nanomaterial which was purified by a washing/filtration sequence (3 times with 20 mL of pentane). Finally, a drying under vacuum led to a black powdery solid named Pd/HDA/C (10 wt.% Pd, nominal). In a second step, the obtained Pd/HDA/C nanomaterial was heat-treated at 400 °C in air for 2 h which led to Pd/HDA/C@air-ht nanomaterial [START_REF] Ramirez | Influence of organic ligands on the stabilization of palladium nanoparticles[END_REF]. The heat-treatment was carried out in order to provide core-shell nanoparticles. The two Pd-nanomaterials were characterized and evaluated in methanol electro-oxidation reaction in alkaline medium for comparison purpose at fuel cell systems.

Characterization techniques of the materials

Phase identification, crystallite sizes and changes in lattice parameters were determined by powder-X-ray diffraction (XRD) and Rietveld refinements. XRD data acquisition was performed from 10 to 90º 2-theta range in a D2 Phaser Bruker diffractometer using CuKα radiation in Bragg-Brentano theta-theta configuration. All Pd samples including Pd/C ETEK (30 wt.%) were measured using an alumina internal standard to improve accuracy in the measures of 2-theta displacements. Reflections in alumina standard (PDF 01-070-5679) do not interfere in the Pd or PdO identification. Rietveld refinements were carried out using TOPAS V5 software where the double-Voight model was selected to estimate crystallite size.

Samples for transmission electron microscopy (TEM) characterization were prepared by dropping an isopropanol dispersion of purified black solid Pd/HDA/C or and Pd/HDA/C@air-ht, onto holey carbon-covered copper grids. High resolution transmission electron microscopy (HR-TEM), scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) results were collected on a JEM-ARM 200CF microscope operating at 200 kV. The STEM probe of ca.1.0 nm at FWHM, 1.2 nA probe current and the EEL spectra were collected with 0.25 eV dispersion per channel. The HR-TEM images were analyzed with Digital Micrograph software. The average particle was estimated from 150 nanoparticles captured in 18 images. The EEL spectra were obtained and analyzed with Cornell Spectrum Imager (CSI) [START_REF] Cueva | Data processing for atomic resolution electron energy loss spectroscopy[END_REF]. The backgrounds in the EEL spectra were subtracted using standard methods [START_REF] Egerton | Electron Energy Loss Spectroscopy in the Electron Microscope 2nd edn[END_REF] and smoothed in an interval from 200 to 712.25 eV.

In order to determine elemental composition of the palladium nanocatalysts, X-ray photoelectron spectroscopy (XPS) was carried out using a K-alpha from Thermo Fischer Scientific spectrometer with a monochromatic Al kα X-ray source (1486.6 eV). The X-rays were microfocused at the source to give a spot size on the sample of 400 m of diameter. Samples remained under vacuum for more than 10 h in a pre-chamber directly connected to the equipment. After that, they were transferred to the analysis chamber where a pressure of 1x10 -9 Torr remained constant during all the experiments. The pass energy for the survey and high-resolution spectra was set to 160 and 45 eV, respectively. The C1s peak at 284.5 eV was used as internal standard in order to compensate effects related with charge shift. Core-level spectra were deconvoluted for each component using a pseudo-Voigt function with Gaussian (70%) -Lorentzian (30%) functions and a Shirley-type background with AVANTAGE V5.97 software from Thermo Fisher Scientific.

Electrode preparation and electrochemical measurements

Electrochemical measurements were performed using a potentiostat-galvanostat (Versastat 3) in a conventional three-electrode cell. A glassy carbon rod (GCE; 3.0 mm in diameter) previously polished with alumina powder (ca. 0.3 µm) and washed ultrasonically in 18.2 MΩ deionized water (D.I. water), was used as a substrate for the working electrode. A reversible hydrogen electrode (RHE) prepared with 0.5 M H2SO4 and a platinum wire were used as reference and counter electrodes, respectively. The Pd/HDA/C, Pd/HDA/C@air-ht (9:1 wt.% ratio Vulcan carbon: total metal 10 wt.% metal) and Pd/C ETEK (7:3 wt.% ratio Vulcan carbon: total metal 30 wt.% metal) catalytic suspensions were prepared by mixing Nafion, isopropanol and D.I. water (1.070 mL) under ultrasounds. The current magnitude was normalized with respect to mass activity for comparison purpose between prepared Pd-nanomaterials and commercial Pd/C ETEK sample.

Thereafter, 5 μL of each prepared suspension was deposited onto the mirror-finish glassy carbon substrate and dried at room temperature under an argon atmosphere. The metallic loading in the working electrode for Pd/HDA/C and Pd/HDA/C@air-ht was ca. 33.05 g cm -2 . The current versus potential characteristics (i-E) of the catalysts were recorded in 0.5 M KOH solution, previously degassed with Ar bubbling, at a scan rate of 100 mV s -1 using cyclic voltammetry (CV) in a potential window from -0.72 to 0.43 V/RHE, starting at open circuit potential. The i-E characteristics as a function of alcohol concentration (0.001, 0.01, 0.1 and 1.0 M) in the alkaline environment were obtained at 5 mV s -1 . The solutions were purged with argon for 15 min prior to electrochemical analysis.

The electrochemical active surface area (ECSA) from the absorbed monolayer of PdOred for each catalyst was calculated using CV measurement in a solution of 0.5 M KOH from -0.72 to 0.88 V/RHE at a scan rate of 50 mV s -1 .

Whereas, an activation of the electrode in turn (in 0.5 M KOH at a scan rate of 50 mV s -1 at room temperature) was performed for the CO-adsorption-desorption reaction (CO-stripping) in a potential window from -0.72 to 0.43 V/RHE.

For such an approach, the electrochemical cell was saturated with CO gas for 5 min with a biaspotential of -0.57 V/RHE. After that, argon was bubbled into the electrolyte for 20 min to remove the CO dissolved and a CV was conducted at a scan rate of 5 mV s -1 .

On the other hand, the electrochemical impedance spectroscopy (EIS) characterization of the two Pd-nanomaterials was carried out in 0.5 M KOH solutions containing 1 M CH3OH. This study was performed by applying a sinusoidal signal of 10 mV amplitude and a frequency range from 100 kHz to 10 mHz, using a Versastat 3 equipment. These measurements were recorded at OCP (open circuit potential) and by imposing -0.02, 0.08 and 0.18 V/RHE more positive than the OCP. The behavior of the commercial catalyst Pd/C (from ETEK) in similar conditions is shown for comparison purpose.

Results and Discussion

X-Ray diffraction analysis

XRD results of Pd/HDA/C, Pd/HDA/C@air-ht nanomaterials and a commercial sample (Pd/C ETEK) are presented in Figure 2. For the afore-mentioned XRD patterns, alumina Al2O3 (JCPDS 01-070-5679) was used as internal standard. Additionally, data for Vulcan carbon before and after heat treatment are also shown as references in order to prove its thermal stability. XRD patterns of Pd/HDA/C, Pd/HDA/C@air-ht and Pd/C ETEK confirmed the presence of face-centered cubic (FCC) crystal structure of palladium successfully supported onto Vulcan carbon. Four main broad diffraction peaks were observed at 240.07°, 46.73°, 68.12° and 82.12° corresponding to (111), ( 200), ( 220) and ( 311) planes (JCPDS 00-046-1043), respectively. For the Pd/HDA/C@air-ht nanomaterial, additional diffraction peaks corresponding to palladium oxide (JCPDS 00-041-1107) are visible at 2and assigned to (101), ( 110), ( 112), ( 103) and (202) planes, respectively. The presence of PdO could be expected due to the heat-treatment in air undergone for this sample. Quantitative phases analysis carried out by Rietveld revealed that PdO is presented at 61.80 % in the Pd/HDA/C@air-ht sample. Conversely, Vulcan support pattern shows two broad peaks of low intensity between 10 and 30° (2) [START_REF] Su | Enhancement of electrochemical properties of Pd/C catalysts toward ethanol oxidation reaction in alkaline solution through Ni and Au alloying[END_REF]. Furthermore, crystallite sizes calculated by the double-Voight model included in the Rietveld refinement are given in Table 2.

According to these results, crystallite size of catalysts heat-treated at 400 °C in air (41.72 nm) increased in comparison with Pd/HDA/C (4.5 nm). This increment in crystallite size could be due to (i) the elimination of HDA by thermal decomposition that may let a relative agglomeration of Pdnanoparticles and (ii) the formation of a Pd@PdO core-shell structure, attributed to the oxidation of Pd under air [START_REF] Jose | Synthesis and characterization of Pd(0), PdS, and Pd@PdO core-shell nanoparticles by solventless thermolysis of a Pd-thiolate cluster[END_REF][START_REF] Xiong | Size-dependence of surface plasmon resonance and oxidation for Pd nanocubes synthesized via a seed etching process[END_REF], as can be seen in HR-TEM/STEM-EELS analyses.

Electron microscopy analysis

TEM micrographs and the corresponding size distributions of Pd/HDA/C and Pd/HDA/C@air-ht nanomaterials are presented in Figures 3a-b. From TEM images, Pd-nanoparticles appear darker as compared to Vulcan carbon due to difference in their atomic number; in addition, the observed particles are semi-spherical and well-dispersed on the carbon support. Furthermore, these nanoparticles exhibit a narrow particle size distribution centered at ca. 4.5 ± 1.02 nm. On the other hand, the calculated crystallite size obtained from XRD analysis is in the same order of magnitude (i.e. 4.5 nm). Conversely, for Pd/HDA/C@air-ht nanomaterial presents a particle size distribution centered at ca. 10 ± 1.79 nm as determined by TEM. Whereas, the calculated crystallite size obtained from XRD analysis was 41.72 nm, Table 2. According with some fundamentals on the XRD technique, the diffraction occurs from a considerable volume of the sample and powders are normally not monodisperse. Thus, the polydispersisty of nano-powders is not considered in Rietveld method [START_REF] Jensen | Determination of size distributions in nanosized powders by TEM, XRD, and SAXS[END_REF][START_REF] Dimitratos | Effect of particle size on monometallic and bimetallic (Au,Pd)/C on the liquid phase oxidation of glycerol[END_REF]. In the opposite, TEM technique will allow the analysis of well dispersed and better crystallized nanoparticles . To complete the characterization of the samples, a series of experiments were carried out using HR-TEM, STEM and EELS. In the HR-TEM images of the Pd/HDA/C and Pd/HDA/C@air-ht catalysts, Figures 3c-d, lattice fringes are observed, indicating that the samples present crystalline nature. Fast Fourier Transform (inset Figure 3c) from the marked particle is indexed as (2 ̅ 00), (22 ̅ 0) and (02 ̅ 0) planes with the orientation along [001] axis zone, which evidences the presence of FCC phase of metallic palladium nanoparticles. In the opposite, Figure 3d shows two different interplanar distances at 2.24 and 2.15 Å corresponding to Pd and PdO phases which are related to the crystal planes (111) and (110), respectively. From these data, it thus appears that the sample heat-treated at 400 °C presents an oxygen-rich shell over the metallic-palladium core, which can explain the increment of the particle size observed compared to that in Pd/HDA/C. The existence of core-shell structures in Pd/HDA/C@air-ht catalyst was confirmed by STEM-EELS analyses. STEM images and the corresponding compositional EELS maps of Pd/HDA/C and Pd/HDA/C@air-ht catalysts are shown in Figures 4a-b. EELS spectra acquired from regions marked in Figures 4a-b are presented in Figures 4c-d. Spectrum (1) of both catalysts is acquired from the support Vulcan carbon, showing K edge peak at 285 eV due to the excitation of π* states [START_REF] Roddatis | Transformation of diamond nanoparticles into carbon onions under electron irradiation[END_REF][START_REF] Langenhors | ATEM-EELS study of new diamond-like phases in the B-C-N system[END_REF] and edge peak at 290 eV of σ* states [START_REF] Uppireddi | Iron oxide nanoparticles employed as seeds for the induction of microcrystalline diamond synthesis[END_REF], linked with the intrinsic nature of Vulcan, usually composed of sp 2 or sp 3 hybrid forms [START_REF] Waidmann | Electronic structure studies of undoped and nitrogen-doped tetrahedral amorphous carbon using high-resolution electron energyloss spectroscopy[END_REF]. The spectra 2 (Figure 4d) acquired from the edge particle of Pd/HDA/C@air-ht catalyst indicates the presence of PdO with a peak around 532 eV (oxygen Kedge). In spectrum (3) acquired from the center of the particle (Figure 4d), only one peak at 335 eV (Pd:M4,5) is observed that can be assigned to metallic Pd. Figure 4c displays the EEL spectra from edge (2) and center (3) acquired for Pd/HDA/C. From this, features related with metallic Pd (335 eV) are observed. The composite map of Pd/HDA/C (inset Figure 4a) presents a quasihomogeneous intensity across the mapped area that corresponds to metallic Pd (green), except for a few spots in red that could be assigned to oxygen adsorbed from the atmosphere. In contrast, the inset in Figure 4b shows the composite map of Pd/HDA/C@air-ht catalyst exhibiting chemical heterogeneity. The center of the particle appears with higher palladium intensities (green) while the edge shows oxygen (red), confirming a core-shell structure (Pd@PdO). Both composite maps show carbon marked in blue. So, the heat treatment at 400°C in air undergone by the Pd/HDA/C nanomaterial did not result in the complete oxidation of Pd(0) to PdO species into the Pd/HDA/C@air-ht catalyst; as it has been reported in other works [START_REF] Jose | Synthesis and characterization of Pd(0), PdS, and Pd@PdO core-shell nanoparticles by solventless thermolysis of a Pd-thiolate cluster[END_REF]. It is therefore possible that the diffusion of oxygen atoms into the Pd lattice was carried out only onto the surface layers, as a result of the dissociative oxygen-adsorption on the particle surface. It has been reported in some investigations that temperatures near 400 ºC do not upshot the oxidation of the core making a stable PdO layer [START_REF] Jose | Synthesis and characterization of Pd(0), PdS, and Pd@PdO core-shell nanoparticles by solventless thermolysis of a Pd-thiolate cluster[END_REF], supporting the presence of Pd@PdO core-shell-like structures when heat treated under air. Hence, as it will be seen later on, the formation of such a core-shell structures improved the catalytic activity due to an important increment in the surface area, leading to a better reaction performance in comparison with the Pd/HDA/C catalyst, as demonstrated by electrochemical evaluation.

X-Ray photoelectron spectroscopy (XPS)

The interactions between surface chemical states of the prepared nanomaterials were determined by XPS. In supplementary information, Figure S1 shows the comparison of the relative intensities of C1s, O1s, N1s and Pd3d in the XPS survey spectra for Pd/HDA/C and Pd/HDA/C@air-ht and the elemental quantification of the carbon-supported Pd-nanomaterials are given in Table 3. In XPS spectrum of Pd/HDA/C@air-ht sample, the O1s signal is stronger than in the case of Pd/HDA/C. The elementary quantification of the core-shell particles (Pd/HDA/C@air-ht) , Table 3, shows that there is a higher oxygen content in the shell that in the cores of the particles. This can be explained by shell constituted mainly by palladium oxide or Pd-O species while in the cores, metallic palladium is the dominant species [START_REF] Chen | Catalytic performances of PdNi/MWCNT for electrooxidations of methanol and ethanol in alkaline media[END_REF]. These results are in agreement with the results from HR-TEM/STEM-EELS. To determine in more detail the oxidation states and chemical species in Pd/HDA/C and Pd/HDA/C@air-ht nanomaterials, high-resolution XPS spectra for the Pd3d were acquired and subsequently analyzed by deconvolution modeling. According to this, the asymmetric characteristics of the Pd3d main orbital signals, Pd3d5/2 and Pd3d3/2, in the interval from 333.5 to 346.7 eV suggest the presence of species with different Pd-oxidation states. XPS narrow spectra (Figure 5) were fitted with five double spin-orbit components with the set of Pd species (Pd(0), PdO, PdO2, Pd-C) and parental species as reported in Table 4. The first contribution of the Pd3d region at 335.2 and 340.4 ± 0.2 eV for Pd3d5/2 and Pd3d3/2 peaks, is assigned to Pd(0) . The second spin-orbit component corresponds to PdO where Pd3d5/2 is located at 336.9 ± 0.2 eV and Pd3d3/2 at 342.1 ± 0.2 eV [START_REF] Tura | XPS and IR (ATR) analysis of Pd oxide films obtained by electrochemical methods[END_REF][START_REF] Kim | X-ray photoelectron spectroscopic studies of palladium oxides and the palladium-oxygen electrode[END_REF][START_REF] Voogt | XPS analysis of palladium oxide layers and particles[END_REF][START_REF] Jing | One-pot synthesis of monodisperse palladium-copper nanocrystals supported on reduced graphene oxide nanosheets with improved catalytic activity and methanol tolerance for oxygen reduction reaction[END_REF][START_REF] Moddeman | XPS Surface and bulk studies of heattreated palladium in the presence of hydrogen at 150 °C[END_REF][START_REF] Kibis | Highly oxidized palladium nanoparticles comprising Pd 4+ species: Spectroscopic and structural aspects, thermal stability, and reactivity[END_REF][START_REF] Moulder | Handbook of X-ray photoelectron spectroscopy[END_REF][START_REF] Schmitz | An X-ray photoelectron spectroscopy investigation of palladium in automotive catalysts. Binding energies and reduction characteristics[END_REF][START_REF] Shafeev | Enhanced adherence of areaselective electroless metal plating on insulators[END_REF][START_REF] Pillo | The electronic structure of PdO found by photoemission (UPS and XPS) and inverse photoemission (BIS)[END_REF][START_REF] Kibis | X-ray photoelectron spectroscopy study of Pd oxidation by RF discharge in oxygen[END_REF][START_REF] Wang | Active sites contribution from nanostructured interface of palladium and cerium oxide with enhanced catalytic performance for alcohols oxidation in alkaline solution[END_REF][START_REF] Liu | One-pot wet-chemical synthesis of PtPd@Pt nanocrystals supported on reduced graphene oxide with highly electrocatalytic performance for ethylene glycol oxidation[END_REF][START_REF] Légaré | XPS investigation of the oxidation of the Al/Pd interface: The Al2O3/Pd interface[END_REF][START_REF] Lee | Photo-oxidation activities on Pd-doped TiO2 nanoparticles: critical PdO formation effect[END_REF][START_REF] Tressaud | X-Ray photoelectron spectroscopy of palladium fluorides[END_REF][START_REF] Fleisch | An XPS study of the UV photoreduction of transition and noble metal oxides[END_REF]. As can be seen, the difference in the core-level binding energy between the Pd (0) and Pd (II) spin-orbit components is 1.7, in agreement with the literature data [START_REF] Kibis | X-ray photoelectron spectroscopy study of Pd oxidation by RF discharge in oxygen[END_REF]. Nevertheless, the PdO contribution presents two satellites, SI and SII, located at 339.4 eV and 345.5 ± 0.2 eV, respectively. The nature of SI peak is still unclear [START_REF] Kibis | Highly oxidized palladium nanoparticles comprising Pd 4+ species: Spectroscopic and structural aspects, thermal stability, and reactivity[END_REF], while the SII peak is generated from charge transfer processes that are induced by the palladium [START_REF] Pillo | The electronic structure of PdO found by photoemission (UPS and XPS) and inverse photoemission (BIS)[END_REF]. In this way, the binding energy of components are in good agreement with other studies, which verify that SI and SII are at an energy distance of about 2.6-2.65 eV and 8.6-9.0 eV with regard the PdO main line [START_REF] Kibis | Highly oxidized palladium nanoparticles comprising Pd 4+ species: Spectroscopic and structural aspects, thermal stability, and reactivity[END_REF][START_REF] Pillo | The electronic structure of PdO found by photoemission (UPS and XPS) and inverse photoemission (BIS)[END_REF][START_REF] Kibis | X-ray photoelectron spectroscopy study of Pd oxidation by RF discharge in oxygen[END_REF].

Moreover, the third contribution is related with PdO2 at 337.7 and 342.9 ± 0.2 eV, associated to Pd3d5/2 and Pd3d3/2, respectively; these are assigned to the formation of surface species of Pd (IV) [START_REF] Kim | X-ray photoelectron spectroscopic studies of palladium oxides and the palladium-oxygen electrode[END_REF][START_REF] Kibis | Highly oxidized palladium nanoparticles comprising Pd 4+ species: Spectroscopic and structural aspects, thermal stability, and reactivity[END_REF][START_REF] Moulder | Handbook of X-ray photoelectron spectroscopy[END_REF][START_REF] Shafeev | Enhanced adherence of areaselective electroless metal plating on insulators[END_REF][START_REF] Kibis | X-ray photoelectron spectroscopy study of Pd oxidation by RF discharge in oxygen[END_REF][START_REF] Boronin | Investigation of palladium interaction with cerium oxide its state in catalysts for low-temperature CO oxidation[END_REF][START_REF] Lupan | PdO/PdO2 functionalized ZnO: Pd films for lower operating temperature H2 gas sensing[END_REF][START_REF] Guimarães | Surface sites of Pd/CeO2/Al2O3 catalysts in the partial oxidation of propane[END_REF][START_REF] Peuckert | XPS study on surface and bulk palladium oxide, its thermal stability, and a comparison with other noble metal oxides[END_REF]. It suggests that the formation of PdO2 species in the surface of the nanostructures is associated with the Pd oxidation when the samples are in contact with air [START_REF] Xiong | Size-dependence of surface plasmon resonance and oxidation for Pd nanocubes synthesized via a seed etching process[END_REF]. As previouly reported, an oxide layer may formed when a metal surface is exposed to an oxygencontaining atmosphere even at low temperature and pressure [START_REF] Bespalov | Initial stages of oxide formation on the Zr surface at low oxygen pressure: An in situ FIM and XPS study[END_REF]. Considering the quantification of both samples, these species (PdO2) are less than 2%, below the detection limit of XRD and HR-TEM/STEM-EELS techniques; linked with its poor distribution in the support-carbon matrix.

However, the fourth spin-orbit component is associated to the interaction Pd-C at 336.0 and 341.2 ± 0.2 eV [START_REF] Bastl | X-Ray photoelectron spectroscopic studies of palladium dispersed on carbon surfaces modified by ion beams and plasmatic oxidation[END_REF][START_REF] Bertolini | Electronic properties of supported Pd aggregates in relation with their reactivity for 1,3-butadiene hydrogenation[END_REF] for Pd3d5/2 and Pd3d3/2. Whereas, the fifth contribution could be related to the parental species, which are traces from the precursor located between 338.45 and 338.60 ± 0.2 eV.

It is noteworthy in Figure 5 that the Pd3d spin-orbit components of Pd/HDA/C@air-ht nanomaterial show a shift towards higher binding energies. This is induced by a change in electronic properties, which can be attributed to i) the presence of palladium-oxides species in a highest proportion with respect to the Pd/HDA/C sample, and ii) some interactions between Pd and PdO in the Pd@PdO [START_REF] Jiang | Nitrogen-doped graphene supported Pd@PdO core-shell clusters for C-C coupling reactions[END_REF] core-shell particles, as demonstrated by HR-TEM/STEM-EELS. Then, this analysis also suggests that the metallic-palladium surface at the material labeled Pd/HDA/C@air-ht is covered with a PdO layer formed during heat-treatment linked with (i) the migration of atoms, which is more efficient at higher temperatures [START_REF] Jose | Synthesis and characterization of Pd(0), PdS, and Pd@PdO core-shell nanoparticles by solventless thermolysis of a Pd-thiolate cluster[END_REF][START_REF] Voogt | XPS analysis of palladium oxide layers and particles[END_REF] and (ii) the difference of the surface tensions that avoids the dissolution between the metallic Pd and the PdO, as has been reported elsewhere [START_REF] Voogt | XPS analysis of palladium oxide layers and particles[END_REF]. In addition, the deconvolution results of the Pd3d high-resolution XPS spectra indicate that the content of palladium oxides in Pd/HDA/C is significantly lower than in Pd/HDA/C@air-ht, Table 4.

Therefore, the XPS results suggest that the highest catalytic activity (vide infra) can be due to the fact that a greater number of electrochemical active sites are promoted by the PdO species presenton the surface in the sample heat-treated at 400 °C in air as demonstrated in the electrochemical evaluation, see next section.

Electrochemical evaluation

In this section, the electrochemical characterization of Pd/HDA/C, Pd/HDA/C@air-ht and Pd/C ETEK catalysts is presented. The as-synthesized materials were evaluated in the oxidation reaction of methanol in alkaline media for fuel cell applications and compared to commercial P/C ETEK.

Cyclic voltammetry

Electrochemical studies of the Pd nanomaterials supported onto Vulcan have been performed using a solution containing 0.5 M KOH previously deaerated with argon gas. In Figure 6 the i-E characteristics obtained from the current response in a potential window from -0.72 to 0.43 V/RHE at r.t. at and scan rate of 100 mV s -1 are plotted, initiating from the open circuit potential toward positive-going scan. The Pd electro-catalysts show regions of hydrogen adsorption/desorption at the potential interval from -0.72 to -0.27 V/RHE (zone I, II), Figure 6. An OH -species-adsorption peak that appears in the positive-going scan at the potential interval from -0.24 to -0.12 V/RHE (zone III) in Pd/HDA/C@air-ht and Pd/C ETEK catalysts, can be attributed to the formation of palladium (II) oxide (PdO) or hydroxide-metal (Pd-OHads) on the surface [START_REF] Davi | Electrochemical oxidation of methanol and ethanol on twodimensional self-assembled palladium nanocrystal arrays[END_REF][START_REF] Grdeń | EQCM studies on Pd-Ni alloy oxidation in basic solution[END_REF]. The OH -ions are first chemisorbed during the initial stage of the oxide formation, supplying electrons at more positive potentials, resulting in the formation of higher-oxidation-state species [START_REF] Liang | Mechanism study of the ethanol oxidation reaction on palladium in alkaline media[END_REF].

These adsorbed OH-species could, in fact, promote a better organic (i.e. methanol) oxidationperformance, decreasing the CO-like poisoning, producing carbon dioxide and other carbonaceous species [START_REF] Su | Enhancement of electrochemical properties of Pd/C catalysts toward ethanol oxidation reaction in alkaline solution through Ni and Au alloying[END_REF].

On the other hand, the peak at ca. -0.04 V/RHE (zone IV) is attributed to the formation of palladium (II) oxide [START_REF] Liang | Mechanism study of the ethanol oxidation reaction on palladium in alkaline media[END_REF]. Whereas the well-defined peak in the negative-going scan from ca. -0.34 to 0.16 V/RHE (zone V) denotes reduction process from palladium oxide/hydroxide species formed during the positive-going scan [START_REF] Davi | Electrochemical oxidation of methanol and ethanol on twodimensional self-assembled palladium nanocrystal arrays[END_REF][START_REF] Liang | Mechanism study of the ethanol oxidation reaction on palladium in alkaline media[END_REF]. The reaction sequence for the oxidation-reduction processes on Pdcatalysts in alkaline media is observed in equations (1-5) [START_REF] Liang | Mechanism study of the ethanol oxidation reaction on palladium in alkaline media[END_REF]. 

Zones I -II

Pd -H abs

Zone V Pd -O + H 2 O + 2e -↔ Pd + 2OH - (5) 
It is important to note that the current magnitude of the reduction peak at Pd/HDA/C@air-ht is higher than that in its counterpart Pd/HDA/C and Pd/C ETEK materials; this suggests that (during polarization) more metal-oxides/hydroxides surface-species are available in order to increase the ECSA [START_REF] Chen | Catalytic performances of PdNi/MWCNT for electrooxidations of methanol and ethanol in alkaline media[END_REF]. In this context, the determination of the ECSA was calculated in order to evaluate the catalytic activity in CH3OH oxidation [START_REF] Lukaszewski | Electrochemical methods of real surface area determination of noble metal electrodes -an overview[END_REF]. Hence, the ECSA was calculated with the charge obtained during the induced PdOred and in the CO-stripping reactions. In the case of the PdOred ECSA-approach, Figure S2 displays the i-E characteristics for the catalysts in study at different switching potentials (Eλ, from 0.33 to 0.88 V/RHE) with the corresponding profiles Q versus Eλ, see insets; from the intersection of these slopes (QPdO, related with the formation of a PdO monolayer [START_REF] Correia | Active surface area determination of Pd-Si alloys by H-adsorption[END_REF]) the charge can be obtained.

The ECSA was determined taking into account that the amount of charge for the reduction of a Pd (II)-oxide monolayer is 420 µC cm -2 [START_REF] Elezovic | High surface area Pd nanocatalyst on core-shell tungsten based support as a beneficial catalyst for low temperature fuel cells application[END_REF], equation ( 6) [START_REF] Chen | Catalytic performances of PdNi/MWCNT for electrooxidations of methanol and ethanol in alkaline media[END_REF][START_REF] Soleimani-Lashkenari | Electrocatalytic performance of Pd/PANI/TiO2 nanocomposites for methanol electrooxidation in alkaline media[END_REF][START_REF] Ng | Effect of synthesis methods on methanol oxidation reaction on reduced graphene oxide supported palladium electrocatalysts[END_REF].

𝐸𝐶𝑆𝐴 PdO ( m 2 g -1 ) = [ 𝑄 PdO (C) 𝑆 ( µC cm -2 ) • 𝑙 ( mg ) ] 10 5 ( 6 
)
Where Q is the charge (C), S is the conversion factor used to relate charge with the surface area (µC cm -2 ) and 𝑙 is the amount of Pd-catalyst loaded (mg). The calculated active surface area was in the order 143.69 (Pd/HDA/C@air-ht) > 118.89 (Pd/C ETEK) > 91.10 (Pd/HDA/C) in m 2 g -1 .

In addition, using equation ( 7) [START_REF] Vidaković | The use of CO stripping for in situ fuel cell catalyst characterization[END_REF], the ECSA was calculated from the CO-stripping reaction at the electrode interface, in the alkaline environment (0.5 M KOH) Figure S3. Peaks attributed to COoxidation to CO2 and located at ca. -0.08, -0.01 and 0.07 V/RHE for Pd/HDA/C@air-ht, Pd/C ETEK and Pd/HDA/C, were observed.

𝐸𝐶𝑆𝐴 CO ( m 2 g -1 ) = [ 𝑄 CO (C) 420 µC cm -2 𝐿 Pd ( mg cm -2 ) 𝐴 g ( cm 2 ) ] 10 5 [START_REF] Ding | Cyclic voltammetric preparation of palladium nanoparticles for ethanol oxidation reaction[END_REF] In the equation, QCO is the charge for the CO-induced adsorption (after subtraction of the double layer) and with 0.420 mC cm -2 corresponding to a monolayer of adsorbed CO [START_REF] Zadick | Effects of Pd nanoparticle size and solution reducer strength on Pd/C electrocatalyst stability in alkaline electrolyte[END_REF]; LPd is the Pdcatalyst loading on the working electrode and Ag is the geometric surface area of the glassy carbon electrode. As in the case of a PdO monolayer adsorption-desorption (ECSAPdO), the ECSA during CO-stripping (ECSACO) was in the same order, as expected. The calculated ECSA and the obtained COad stripping-reaction parameters (i.e. onset potential (Eonset-CO), peak potential (ECO) and peak current (ICO)) are reported in Table 5. In summary, the heat-treated material induces a better adsorption-desorption phenomenon for CO-stripping (low CO-poisoning effect), See Figure S3, associated with i) the reaction-overpotential, ii) peak-current potential onset, iii) a higher currentoxidation magnitude and iv) a major OH-adsorption due to the presence of PdO species surrounding the metallic palladium in the core-shell.

Moreover, as it can be seen, the magnitude of the electrochemical active surface area calculated by PdOred with respect to that calculated using CO-stripping reaction are similar. According to these results, the Pd/HDA/C@air-ht catalyst displays an ECSA value 1.6 and 1.2 times higher than Pd/HDA/C and Pd/C ETEK, respectively. Although, it has been mentioned that the presence of palladium oxide species inhibits the CO-oxidation reaction [START_REF] Bäumer | Adsorption and reaction of methanol on supported palladium catalysts: microscopic-level studies from ultrahigh vacuum to ambient pressure conditions[END_REF], in our study, it appears that the heat-treated catalyst presents a better performance as a consequence of the formation of core-shell array and interaction between the Pd and PdO species that promote a major number of electrochemical active sites on the surface of the nanoparticles as revealed using HR-TEM/STEM-EELS and XPS techniques.

On the other hand, an additional oxidation process of PdO is observed at more anodic overpotentials, Figure S2; resulting in the formation of some others species with a higher oxidation state (such as PdO,). This result issupported by XPS data. In this context, at Pd/HDA/C@air-ht catalyst the peak observed at ca. 0.58 V/RHE, could be attributed to the reduction of PdO2 species [START_REF] Chausse | Formation of a higher palladium oxide in the oxygen evolution potential range[END_REF][START_REF] Grdeń | Electrochemical behavior of palladium electrode: Oxidation, electrodissolution and ionic adsorption[END_REF], see inset in Figure S2. In addition, the current magnitude of those redox-peaks is slightly higher for Pd/HDA/C@air-ht catalyst in comparison to that observed with its counterparts.

According with literature data, these higer oxidation state species did not induce a negative effect on the catalytic activity [START_REF] Štrbac | Methanol oxidation on Ru/Pd(poly) in alkaline solution[END_REF].

Methanol oxidation reaction (MOR)

The electrochemical performance of the prepared materials during MOR was carried out using cyclic voltammetry in 1 M CH3OH, and 0.5 M KOH as electrolyte. Typical i-E characteristics are observed plotted in Figure 7. From these profiles, it is possible to observe that the sample heattreated displays the highest faradic current (Figure 7a), followed by the commercial catalyst and the untreated-prepared sample.

In addition, the peak potential variation (Ep) during the positive-going scan (attributed to the oxidation of chemisorbed CH3OH species, forming intermediates as a result of methanoldehydrogenation, including CO and CO2) was 0.22, 0.11 and 0.12 V/RHE for Pd/HDA/C@air-ht, Pd/HDA/C and Pd/C ETEK, respectively.

On the other hand, during the negative-going scan the observed current could be attributed to an incomplete removal of adsorbed-surface intermediates (carbonaceous species) generated during the positive-going scan [START_REF] Soleimani-Lashkenari | Electrocatalytic performance of Pd/PANI/TiO2 nanocomposites for methanol electrooxidation in alkaline media[END_REF][START_REF] Ng | Effect of synthesis methods on methanol oxidation reaction on reduced graphene oxide supported palladium electrocatalysts[END_REF]. A pathway for CH3OH oxidation reaction in an alkaline medium is represented by equations (8-13) [START_REF] Soleimani-Lashkenari | Electrocatalytic performance of Pd/PANI/TiO2 nanocomposites for methanol electrooxidation in alkaline media[END_REF]:

Pd + 3 OH → Pd -( CH 3 OH ) ads (8) 
Pd -(

CH 3 OH ) ads + OH -→ Pd -( CH 3 O ) ads + H 2 O + e - (9) 
Pd -( 

CH 3 O ) ads + OH -→ Pd -( CH 2 O ) ads + H 2 O + e - (10) 
Pd -( CO

) ads + 2OH -→ Pd + CO 2 + H 2 O + 2e - (13) 
As can be seen, the CH3OH electro-oxidation mechanism is a six-electron process. It is noteworthy that the chemisorption of methoxy species weaken the CO-bond on the surface of Pd-catalyst with the adsorbed methanol [START_REF] Davi | Electrochemical oxidation of methanol and ethanol on twodimensional self-assembled palladium nanocrystal arrays[END_REF]; carbonate ions can be also formed due to the alkaline environment [START_REF] Coutanceau | Development of electrocatalysts for solid alkaline fuel cell (SAFC)[END_REF]. The magnitude of the current for the Pd/HDA/C@air-ht catalyst is 5.4 times higher than that of commercial Pd/C ETEK catalyst. This difference in activity might be related to the presence of PdO, resulting in an improvement in the catalytic activity and in the decrease of the overpotential.

Moreover, the relationship between the current magnitude during the positive-going scan (If) and the negative-going scan (Ib) can be used to establish the tolerance to some CO-accumulation and other carbonaceous species (poisoning due to intermediate-adsorbed species).

As shown in Table 6, the calculated If /Ib for the catalysts, at scan rate of 5 mV s -1 were 1.53, 1.45 and 1.69 for Pd/HDA/C@air-ht, Pd/HDA/C and Pd/C ETEK, respectively. The Pd/HDA/C@air-ht catalyst showed a higher value than its counterpart Pd/HDA/C. Therefore, the surface of this catalyst is effective in the removal and/or anti-poisoning capability of carbonaceous species (including CO) during the positive-going scan [START_REF] Ng | Effect of synthesis methods on methanol oxidation reaction on reduced graphene oxide supported palladium electrocatalysts[END_REF][START_REF] Wang | One-step synthesis of Pt-Pd catalyst nanoparticles supported on few-layer graphene for methanol oxidation[END_REF], as confirmed by CO-stripping reaction in this study. According to this, it can be established that the core-shell structure-array plays an important role in the redox process, presenting good stability and high resistance to poisoning by adsorbed species; being an interesting alternative for applications in fuel cell systems [START_REF] Li | Dentritic platinum-palladium/palladium coreshell nanocrystals/reduced graphene oxide: One-pot synthesis and excellent electrocatalytic performances[END_REF]. Linked with this, the onset potential (Eonset) is another parameter to evaluate the catalytic activity of a catalyst [START_REF] Jing | One-pot synthesis of monodisperse palladium-copper nanocrystals supported on reduced graphene oxide nanosheets with improved catalytic activity and methanol tolerance for oxygen reduction reaction[END_REF]. In this context, the Eonset of the catalysts is in the order Pd/HDA/C > Pd/C ETEK > Pd/HDA/C@air-ht, Table 6; suggesting that the overpotential decreases in the core-shell system, accelerating the oxidation/removal of the generated species during MOR. Moreover, the onset potential decreases as the concentration of CH3OH increases in all catalysts, evidencing that the electro-oxidation reaction presents less overpotential at high concentrations of CH3OH, see insets in Figure 7a.

From the i-E profiles obtained at different CH3OH concentrations (0.001, 0.01, 0.1 and 1 M) at a scan rate of 5 mV s -1 , Figures 7b-d, two parameters during the positive-going scan were obtained: peak potential (Ep) and peak current (ip). For example, in Figure 7b, the variation of the Ep versus methanol concentration is presented. It is interesting to observe that the potential becomes more positive as a function of concentration, due to mass transport limitations [START_REF] Soleimani-Lashkenari | Electrocatalytic performance of Pd/PANI/TiO2 nanocomposites for methanol electrooxidation in alkaline media[END_REF] regardless the material in turn. This variation is in the order Pd/HDA/C@air-ht > Pd/C ETEK > Pd/HDA/C, as expected.

Furthermore, the Pd/HDA/C and Pd/C ETEK catalysts show higher overpotentials with respect to the onset potential in Pd/HDA/C@air-ht. On the other hand, the dependence of the peak current (ip)

with concentration of methanol is plotted in Figure 7c. For all samples in study, the faradic current increases with concentration and its magnitude is in the order Pd/HDA/C@air-ht > Pd/C ETEK > Pd/HDA/C; indicating a better charge-transfer process in the core-shell system.

As a resume, the charge variation (Q) as a function of the concentration of CH3OH is shown in Figure 7d. The charge at Pd/HDA/C@air-ht is higher than in Pd/C ETEK and Pd/HDA/C catalysts.

This charge increases with respect to methanol concentration for Pd-catalysts, suggesting an improvement in the catalytic activity; representing those species that are generated in the electrooxidation, including intermediaries and products. This result is attributed to the presence of PdO species, which modified the electronic properties (as demonstrated by XPS analysis) promoting more efficient redox processes at the interface for the deprotonation of CH3OH.

EIS characterization of Pd-based catalysts for methanol oxidation reaction

In Figure 8 Similar responses are evident in the Bode diagrams (phase angle vs frequency, Figures 8b,d,f)

where a resistive behavior at high frequencies was observed, reaching a maximum at intermediate frequencies. This capacitive contribution is maximum at OCP. When more positive potentials were applied, these phase angles decrease with potential. At high frequencies, the resistive contribution of the Pd/HDA/C@air-ht and Pd/C ETEK catalysts is observed in three frequency-decades with respect to Pd/HDA/C. On the other hand, a decrease in the phase angles is observed at low frequencies, being evident an inductive-like behavior (see insets in, Figures 8d,f).

According to these results the MOR using Pd-based catalysts is different as a consequence of i) the electrode-polarization (catalysts and substrate) and ii) a mass-transport process of the electroactive species (methanol). The lower impedance values put in clear that Pd/HDA/C@air-ht and Pd/C ETEK are the best catalyst for the reaction in turn. Whereas for the Pd/HDA/C catalyst a low oxidation-current of the probe molecule is given due to high impedance values (resistive-like behavior). It is presumed that the MOR on these catalysts depends on different aspects such as particle size, chemical composition, structure and morphology (i.e. core-shell array) and the interaction of the catalysts with the carbon substrate.

To further discuss the electrochemical behavior of the Pd nanocatalysts in the MOR, the EIS diagrams recorded for Pd/HDA/C, and some cases for Pd/HDA/C@air-ht and Pd/C ETEK, were simulated using the circuit sketched in Figure 9a; whereas, those diagrams displaying the inductive behavior (Pd/HDA/C@air-ht and Pd/C ETEK) were fitted using the equivalent circuit in Figure 9b.

These equivalent circuits considered the following contributions i) Q1-R1 and Q2-R2 that are linked with the methanol oxidation reaction on the catalysts and/or the substrate; and ii) the arrangement Qads-Rads or Lads-Rads that is related with an adsorption process on the catalysts. This adsorption could be assigned with methanol and/or other species such as CO or CO2. The parameters obtained are listed in Table S1. As can be seen, a slight variation in the solution resistance is recorded. These results are in the same order of magnitude with respect to the charge transfer resistance (R1,CT) reaching values of ca. 23 Ω, indicating a rapid methanol oxidation onto Pd-nanoparticles.

On the other hand, the electrical resistances (R2,CT) are different for Pd/HDA/C in comparison with those of Pd/HDA/C@air-ht and Pd/C catalysts. These differences could be due to the chemical composition of the catalysts as was observed from XPS analysis. In the case of Pd/HDA/C, metallic palladium was only detected being responsible of the methanol oxidation. Nevertheless, for both Pd/HDA/C@air-ht and Pd/C ETEK, the presence of other Pd-oxidation-sates could be involved in the catalytic performance in agreement with the low resistance (R2,CT). Conversely, this oxidation is masked by the resistive contribution of the glassy-carbon substrate for the Pd/HDA/C. Additionally, during the polarization of the different Pd catalysts (Pd/HDA/C, Pd/HDA/C@air-ht and Pd/C ETEK) is likely to consider the adsorption of the methanol from the bulk towards the electrode (Rads). As was mentioned above, a low catalytic activity towards the methanol oxidation is expected for the Pd/HDA/C as the resistive contributions (R1,CT, R2,CT and R3,ads, see Table S1) are larger in comparison to those observed with Pd/HDA/C@air-ht and Pd/C ETEK. As shown in Figures 8d,f the marked difference is related with the inductive loop observed at low frequencies. This inductive response is commonly reported as a dissolution process (i.e. corrosion) or as an adsorption of different species on the substrate. In the case of the methanol oxidation, this contribution can be related with the adsorption of methanol and/or the adsorption of poisoning species. In the first case, the methanol could be easily oxidized having low impedance values and high oxidationconversions; in the second case, the adsorption of CO or CO2 (commonly related with a poisoning effect) could decreases the overall-process efficiency. Therefore, contribution from i) the existence of some palladium-oxidation states, ii) core-shell nano-particulated-array, and iii) particle size and distribution; avoid the poisoning for CO, enhancing the methanol oxidation on the synthetized Pd/HDA/C@air-ht and in the Pd/C from commercial source. Therefore, as the inductive response is enhanced at the interface of Pd/HDA/C@air-ht, related with a rapid transformation of methanol (see Table S1) its catalytic activity is better when compared with its counterparts employed in this study.

Conclusions

In this work, a palladium-based nanomaterial , made of small Pd nanoparticles well-dispersed on Vulcan carbon (Pd/HDA/C) was successfully prepared starting from the organometallic Pd(dba)2

precursor in one-pot conditions as well as its counterpart heat treated at 400 °C under air (Pd/HDA/C@air-ht). . HRTEM-STEM-EELS characterization revealed i) the formation of welldispersed Pd-based nanoparticles on the Vulcan-carbon support even after the heat treatment, and ii) a Pd@PdO core-shell nanoparticle-array formation in the catalyst heat-treated in air at 400 °C. On the other hand, particle size determined fromTEM analysis are centered at ca. 4.5 and 10 nm for Pd/HDA/C and Pd/HDA/C@air-ht, respectively. X-ray diffraction patterns showed a FCC-crystal structure for metallic palladium in all materials. However, the presence of Pd-oxide species in the case of Pd/HDA/C@air-ht was also observed. In addition, XRD data showed that the crystallite size for Pd/HDA/C@air-ht was 41.72 nm which is almost twenty times higher than that observed for Pd/HDA/C (ca. 2.04 nm). This difference can be attributed to the presence of PdO as a result of the heat treatment in air and the followed formation of a core-shell array, as demonstrated also from XPS analyses. STEM-EELS and XPS data evidenced the presence of PdO in the periphery of the particles thus forming core-shell P@PdO nnaostructures. Electrochemical evaluation during cyclic voltammetry established well-defined transition-redox characteristics corresponding to palldium. It was found that methanol oxidation reaction (MOR) is possible at alkaline conditions in all set of catalysts evaluated. However, MOR-faradic current was more marked at the interface of Pd/HDA/C@air-ht due to the formation of a core-shell array that modifies the electronicmorphological and structural properties, improving the mass-charge-transfer and the inductiveresistive phenomena through the interaction with adsorbed OH-species to decrease the COpoisoning. In this context, the poisoning effect was low considering the contribution of more Pdoxide species in the Pd/HDA/C@air-ht catalyst with respect also with the material from commercial source. The superior electrocatalytic performance of Pd/HDA/C@air-ht makes it a promising candidate for anodic catalyst at direct methanol fuel cell electricity-generators.

Pd -( CH 2 O

 2 ) ads + OH -→ Pd -( CHO ) ads + H 2 O + e - (11) Pd -( CHO ) ads + OH -→ Pd -( CO ) ads + 4H 2 O + e -

  are shown the impedance diagrams recorded at open circuit potential (OCP) and by imposing -0.02, 0.08 and 0.18 V/RHE during methanol oxidation. The apparent formation of semicircles for the different catalysts can be noted in the Nyquist diagrams (Figures 8a,c,e), reaching similar values in the order of kΩ, and decreasing in diameter as the potential becomes more positive. It is important to notice that the impedance values are larger for Pd/HDA/C even during polarization toward more positive values, Figure 8a. Conversely, in the case of Pd/HDA/C@air-ht and Pd/C ETEK the impedance values decrease one and two orders of magnitude during the applied potential at 0.08 and 0.18 V/RHE (see inset, Figures 8c,e) indicating a rapid oxidation of methanol.

  /ads + OH -→ Pd + H 2 O + e -[START_REF] Liu | Well-dispersed palladium nanoparticles on three-dimensional hollow N-doped graphene frameworks for enhancement of methanol electrooxidation[END_REF] 

	Zone III	
	Pd + OH -↔ Pd -OH ads + e -	(2)
	Pd -OH ads + OH -↔ Pd -O + H 2 O + e -	(3)
	Zone IV	
	Pd -OH ads + Pd -OH ads ↔ 2 Pd -O + H 2 O (4)

Acknowledgments

The authors wish to acknowledge the financial support provided by CONACyT (project 157613, 247208). Instituto Politécnico Nacional (COFAA, BEIFI-IPN-20180430) and SNI-CONACyT. Dirección de Investigación-Universidad Iberoamericana (UIA) F132021 project. C. Juárez-Balderas from the Departamento de Estudios en Ingeniería para la Innovación (UIA) for the heat treatments and fruitful comments, R. Borja-Urby from the Centro de Nanociencias y Micro Nanotecnologías (CNMN) and 2015 CONACyT-SEP basic research project 257931 for HR-TEM/STEM-EELS analyses. This collaborative research was also conducted in the framework of the ''French-Mexican International Laboratory (LIA) devoted to Molecular Chemistry and its applications in Materials and Catalysis funded by CNRS and CONACyT. LPA G-O thanks the financial support from CONACyT within Doctor Fellowship.