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INTRODUCTION

Hydrogen is considered as the cleanest energy carrier. 1 The cathodic half-cell reaction of the water splitting process is the hydrogen evolution reaction (HER), which proceeds in acid electrolytes by the reduction of protons. The most effective electrocatalytic material is platinum, and platinum-based alloys. 2 This metal, and other elements known as platinum group metal (PGM), is hampered for a large-scale use due to their high cost. Therefore, the challenge in most research laboratories is to adapt novel materials based on non-platinum group metal (NPGM) centers for the acidic HER. [1][2][3][4][5] In this sense, alternate materials, such as transition metal carbides, 6-7 nitrides, [START_REF] Cao | Mixed Close-Packed Cobalt Molybdenum Nitrides as Non-noble Metal Electrocatalysts for the Hydrogen Evolution Reaction[END_REF] phosphides, [START_REF] Popczun | Nanostructured Nickel Phosphide as an Electrocatalyst for the Hydrogen Evolution Reaction[END_REF] and sulfides [START_REF] Campos-Roldán | The Oxygen Reduction and Hydrogen Evolution Reactions on Carbon Supported Cobalt Diselenide Nanostructures[END_REF] have shown activity. [START_REF] Benck | Catalyzing the Hydrogen Evolution Reaction (HER) with Molybdenum Sulfide Nanomaterials[END_REF] In the last family group, molybdenum disulfide (MoS2) is available as an inexpensive electrocatalytic material. The structure of MoS2 consists of S-Mo-S layers with a van der Waals gap of 6.5 Å. [START_REF] Alonso-Vante | The Hydrogen Evolution Reaction on Nanostructured Molybdenum Disulfide[END_REF] The MoS2 crystal structure possesses a variety of distinct surface sites and electron-hole mobilities of about 2,200 times faster along the basal plane compared to the perpendicular plane between the sheets. [START_REF] Benck | Catalyzing the Hydrogen Evolution Reaction (HER) with Molybdenum Sulfide Nanomaterials[END_REF] The sulfur-edge sites of MoS2 were identified as the active sites for the HER in acid medium. [START_REF] Hinnemann | Biomimetic Hydrogen Evolution: MoS2 Nanoparticles as Catalyst for Hydrogen Evolution[END_REF][START_REF] Jaramillo | Identification of Active Edge Sites for Electrochemical H2 Evolution from MoS2 Nanocatalysts[END_REF] Hence there is an important interest in developing nanostructured MoS2 with a high density of such sites for the HER. In this regard, the synthesis of highly active MoS2 catalysts are gradually rising, and the UV-light assisted reduction emerges as an important method. [START_REF] Qin | Highly efficient photocatalytic H2 evolution over MoS2/CdS-TiO2 nanofibers prepared by an electrospinning mediated photodeposition method[END_REF] On the other hand, even though a relative success has been reported so far, the design and synthesis of MoS2-based materials, with satisfactory HER activity and stability, remain a challenge. Some strategies to develop active and stable MoS2 electrocatalyst focus on the engineering of defects, [START_REF] Ye | Defects Engineered Monolayer MoS2 for Improved Hydrogen Evolution Reaction[END_REF][START_REF] Kibsgaard | Engineering the surface structure of MoS2 to preferentially expose active edge sites for electrocatalysis[END_REF][START_REF] Voiry | Conducting MoS2 Nanosheets as Catalysts for Hydrogen Evolution Reaction[END_REF][START_REF] Benson | Electrocatalytic Hydrogen Evolution Reaction on Edges of a Few Layer Molybdenum Disulfide Nanodots[END_REF][START_REF] Guo | Hollow Structured Micro/Nano MoS2 Spheres for High Electrocatalytic Activity Hydrogen Evolution Reaction[END_REF] and the hybridization with transition-metals, e.g., Ni [START_REF] Chang | Highly Efficient Electrocatalytic Hydrogen Production by MoSx Grown on Graphene-Protected 3D Ni Foams[END_REF][22] Co, [START_REF] Dai | Co-Doped MoS2 Nanosheets with the Dominant CoMoS Phase Coated on Carbon as an Excellent Electrocatalyst for Hydrogen Evolution[END_REF][START_REF] He | One-step assembly of 2H-1T MoS2:Cu/reduced graphene oxide nanosheets for highly efficient hydrogen evolution[END_REF] and Cu. [START_REF] Deng | Multiscale structural and electronic control of molybdenum disulfide foam for highly efficient hydrogen production[END_REF] Although nanoparticles, nanosheets or doped-materials based on MoS2 have been reported, the very low conductivity of MoS2 is still a problem. The incorporation of conducting supports with nanostructured MoS2 can be an effective way to enhance its HER electrocatalytic performance. So far, previous reports have confirmed the fact that the HER performance on MoS2 could be improved if it is supported onto nanostructured carbons. [START_REF] Yan | Recent Development of Molybdenum Sulfides as Advanced Electrocatalysts for Hydrogen Evolution Reaction[END_REF] The latter can be used to measure the growth and dispersion of catalytic nanoparticles, as well as to provide high conductivity for the transport of charge. Taking advantage of the properties of reduced graphene oxide (rGO), Li et al. [START_REF] Li | MoS2 Nanoparticles Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction[END_REF] prepared a hybrid electrocatalyst (MoS2/rGO). Their results showed that the incorporation of rGO with MoS2 strongly enhanced the HER electrocatalytic activity in acid medium. This phenomenon was attributed to the rich active site edges, small particle size, and synergy between MoS2 and rGO. This catalyst-support synergy effect is neither discussed nor clarified in the literature. Moreover, Niu et al. [START_REF] Niu | A novel hybrid artificial photosynthesis system using MoS2 embedded in carbon nanofibers as electron relay and hydrogen evolution catalyst[END_REF] proposed that Mo 4d states, in the MoS2 molecule, interact with C 2p states of graphitic domains of carbon nanofibers (CNFs) as shown by X-Ray absorption spectroscopy (XAS). The CNF in the hybrid MoS2/CNF receives more electrons at the high-energy σ* states than in the low-energy π* states, so that π* states remain unoccupied, increasing the graphitic character of CNF in MoS2/CNF. This phenomenon, apparently, favors the conduction of electrons and therefore the HER kinetics. However, this study focused on the whole surface chemistry of CNF support, without taking into consideration the specific carbon sites. Herein, experimental tools are combined to disentangle the boosting assisted effect of the UV-light on the reduction of molybdenum sulfide species, as well as how the carbon support nature affects the HER electrocatalytic activity and stability of MoS2 nanoparticles in acid medium.

EXPERIMENTAL

2.1. Chemicals All chemicals were purchased and used without further purification: Vulcan XC-72 Carbon (C) from Cabot, Multi-walled carbon nanotubes (CNTs, purity >95%, outer mean diameter of 13 nm, inner mean diameter of 4 nm, mean length of 1μm) from Bayer, Graphite powder (GP) from Alfa, (NH4)2MoS4 99.99% and isopropanol from Sigma-Aldrich. 2.2 Molybdenum disulfide incorporation (NH4)2MoS4 is a widely used precursor for molybdenum sulfide synthesis in aqueous solutions. It is established that the [MoS4] 2-ion hydrolyzes in pure water to generate MoSx. [START_REF] Vrubel | Growth and Activation of an Amorphous Molybdenum Sulfide Hydrogen Evolving Catalyst[END_REF][START_REF] Wang | XPS studies of MoS2 formation from ammonium tetrathiomolybdate solutions[END_REF] In this context, we compared the HER electrocatalytic activity of the pristine hydrolyzed MoSx, UV-photo-assisted MoS2 and chemically-reduced MoS2. UV-photo-assisted method: The support material was dispersed in Ar-saturated Milli-Q water/isopropanol mixture in a photo-reactor. Next, an (NH4)2MoS4 solution was added (keeping a nominal mass loading of 20 wt.%). The suspension was magnetically stirred for 4 h under UV-light irradiation (Xe lamp, 200 mW). To prevent the sample heating, a water circulator at 25 °C was used. After irradiation time, the obtained powder was copiously washed with Milli-Q water, filtered (0.22 µm pore filter) and dried overnight at 80 ºC. Hydrolysis: The CNTs, as an example, were used as a support to prepare the electrocatalyst in dark conditions (same procedure described above but in the absence of UV-light). Chemical reduction: Again, CNT support serves as an example to deposit the pristine hydrolyzed material. A conventional NaBH4-assisted chemical reduction was carried out under an inert atmosphere. [START_REF] Campos-Roldán | The Oxygen Reduction and Hydrogen Evolution Reactions on Carbon Supported Cobalt Diselenide Nanostructures[END_REF] It is worth to mention that the synthesis comparison aims at judging the HER activity of the deposited chalcogenide onto the same support.

Physical-Chemical Characterization

Raman Spectroscopy. Raman spectra were obtained in a Horiba Jobin Yvon Spectrometer HR 800 with a 632 nm laser in the range of 100 cm -1 to 3100 cm -1 . Deconvolution analyses were performed using the Fityk free-software, using Lorentzian line shapes. The in-plane crystallite size, La, of each supporting material was calculated using Equation (1):

= 2.4 10 1
Where is the laser wavelength and is the integrated intensity of G-and D-band.

Powder electrical conductivity. 0.3 g of carbon support-material was dried at 80 ºC overnight and pressed into a pellet (diameter of 13 mm) at 10 MPa. The electrical conductivity was measured, at room temperature, using a micro-ohm-meter Delta United Instrument Corp, DU-5011. The sample height (L) was established at ∼ 0.5 mm. The electrical conductivity (S cm -1 ) was determined by: = 2 where R is the measured resistance (Ω) and A is the cross-section area of the sample. BET isotherms. Nitrogen adsorption-desorption isotherms were measured at 77 K using a Micromeritics Gemini 2390. The total surface area was determined by the BET (Brunauer-Emmett-Teller) equation.

Transmission Electron Microscopy. A High-Resolution Transmission Electron

Microscope (HRTEM) ARM JEM 220FS was used. Samples were prepared by suspending the material in isopropanol for 15 min. Then, an aliquot was impregnated on a copper grid. Finally, the samples were dried at room temperature. Prior to the highangle annular dark-field scanning transmission electron microscopy (HAADF-STEM) analysis, the sample was preirradiated (beam-shower process) for 10 min, in order to minimize charging effects and contamination. XPS Measurements. X-ray photoelectron spectroscopy (XPS) was performed in an Xray photoelectron spectrometer (Thermo Fisher Scientific Company) with a monochromatic Al Kα X-ray source (1486.6 eV). X-rays were micro-focused at the source to give a spot size on the sample of 400 microns in diameter. The samples remained in the pre-chamber for up to 10 h and then transferred to the analytical chamber with a base pressure of 10 -9 Torr. Survey and high-resolution spectra were collected using analyzer pass energies of 160 and 20 eV, respectively. For each sample, three measurements, at different zones of the material, were performed and used to obtain an average spectrum that served to analyze and quantify the elements and the chemical species. The binding energy of C-C carbon (284.6 eV) was used as internal calibration energy. Data analysis was performed using the Thermo Avantage software v5.99. A Shirley type model, as background, and 70% -30% Gaussian-Lorentzian contribution, for line-shapes, were used. Details regarding the deconvolution models are given in SI. Electrochemistry. For the HER measurements, the catalytic ink was prepared as follows: a mixture containing 5 mg of catalyst and 3 mL of stock solution (20 vol% isopropanol, 0.4 vol.% Nafion ® Sigma-Aldrich and 79.6 vol.% Milli-Q water) was dispersed in an ultrasonic bath for 30 min. Then, 10 µL of the mixture was dropped onto a glassy carbon electrode (5 mm diameter) and dried at room temperature (at 600 rpm). The electrochemical measurements were carried out at 25 ºC using a potentiostat/galvanostat (Autolab PGSTAT 30) in a home-made three-electrode cell containing 0.5 M H2SO4 solution outgassed by argon. A Pt mesh isolated in a glassfritted compartment was used as counter electrode and a reversible hydrogen electrode (RHE) as reference electrode. Rotating Disk Electrode (RDE) technique was used to determine the HER kinetics in H2-saturated electrolyte at 1600 rpm, from 0.05 to -0.3 V, at 5 mV s -1 . For the stability test, the HER activity was measured every 500 cycles using the RDE. 3.1. Carbon-support materials characterization In order to elucidate a possible effect between the different carbon-based supports and the MoS2 phase, the physical-chemical characterization of the three carbon-type supports was carried out. Raman and XPS C 1s spectra of C, CNT and GP are shown in Figure 1. The typical Raman features of carbon-based materials, i.e., the D, G and 2D bands, centered at 1350 cm -1 , 1580 cm -1 and 2700 cm -1 respectively, are shown in Figure 1(a). The defects over the graphite network, lattice curvatures, graphite-domains edges, broken sp 2 -bonds and sp 3 -like domains could be the reason of the intensity and width of the Raman D band of C and CNT. Meanwhile, the Raman G band, whose origin comes from the one-phonon emission of the tangential-vibrational mode of graphite domains, is the predominant contribution of GP. Indeed, in 2D graphite, the G band is the only first-order Raman peak. [START_REF] Dresselhaus | Raman spectroscopy of carbon nanotubes[END_REF] On the other hand, the second-order Raman-scattering-process, namely the 2D band, comes from a double resonance process (both electron-photon and electron-phonon coupling for two phonon-emitting processes). This signal is considered as a free-defect contribution band. 32 Thus, GP is the material with the highest free-defect structure, followed by CNT and C. This argument is also supported by the FWHM of D and G band, cf. Table 1, as greater broadness in both bands is related to greater defects. Hence, the defect trend is C > CNT > GP. The integrated intensity ratio between G and D bands (IG/ID) allowed the quantification of defects through the in-plane crystallite size (La), which is an indirect measurement of the inter-defect distances. [START_REF] Campos-Roldán | Influence of sp 3 -sp 2 Carbon Nanodomains on Metal/Support Interaction, Catalyst Durability, and Catalytic Activity for the Oxygen Reduction Reaction[END_REF] This parameter can be determined by Equation (1). Table 1 summarizes the physical-chemical properties of the carbon supports. Based on the deconvolution analysis of the XPS C 1s emission peaks, i.e., Figure 1(c), the C-sp 2 content follows the trend GP > CNT > C, concomitant with the Raman analysis. The at.% quantification of C-sp 2 and C-sp 3 is summarized in Table 1. 93 On the other hand, the electrical and textural properties of carbon support materials are important parameters that provide a large surface area and allow the dispersion of active centers and the charge-transfer processes. In order to elucidate the effect of these intrinsic properties, the electrical conductivity and surface area of GP, CNT and C materials were measured. The electrical conductivity (σ) of carbon powders is strongly dependent on the distances and interfaces between their domains, namely, as the interparticle distances become shorter at high compression pressures, the measured electrical conductivity will gradually approach the intrinsic value for each material. [START_REF] Hsin | Poly(vinylpyrrolidone)-Modified Graphite Carbon Nanofibers as Promising Supports for PtRu Catalysts in Direct Methanol Fuel Cells[END_REF] Therefore, we externally applied a threshold-pressure of 10 MPa in order to favor a quasi-intrinsic electric conductivity of each carbon nanomaterial. As a benchmark material, carbon Vulcan XC-72, from previous reports under similar conditions, [START_REF] Hsin | Poly(vinylpyrrolidone)-Modified Graphite Carbon Nanofibers as Promising Supports for PtRu Catalysts in Direct Methanol Fuel Cells[END_REF][START_REF] Pantea | Electrical conductivity of thermal carbon blacks: Influence of surface chemistry[END_REF] was used to compare our measurements of electrical conductivity, as well as BET surface area. These were, respectively, 7.62 S cm -1 and 250 m 2 g -1 . From Table 1 it can be noticed that GP material presents the highest value of La and C-sp 2 content, therefore the largest crystallite size. The sp 2 percentage in the carbon-supports varies as follows: GP > CNT > C. As for the textural properties, the BET surface area decreases as follows: C > CNT > GP. These results suggest that there is a strong dependence between surface area and the defects on carbon. However, despite the GP material possesses the highest crystallite size, the electrical conductivity decreases as follows: CNT > GP > C. This property could be attributed to the distribution and the helicity variations in the bulk of the carbon nanotubes. Therefore, the results shown in Table 1 indicate that the electrical conductivity and structural damage are dependent of the carbon nanomaterial's surface nature.

Chemical vs. Photochemical Deposition towards the HER

The data in Table 1 suggest that the optimal properties belong to CNT support. This latter was used as an example to deposit the chalcogenide using three different methods for the HER activity comparison. It is known that [MoS4] 2-ion hydrolyzes in pure water to generate MoSx and eventually mixed oxo-sulfides of molybdenum. [START_REF] Vrubel | Growth and Activation of an Amorphous Molybdenum Sulfide Hydrogen Evolving Catalyst[END_REF][START_REF] Wang | XPS studies of MoS2 formation from ammonium tetrathiomolybdate solutions[END_REF] Under this consideration, the precursor could be adsorbed onto carbon supports, eventually facilitating the hydrolysis reaction. In order to clarify the chalcogenide synthesis assisted by the UV-irradiation, Figure 2(a) contrasts the HER polarization curves of MoS2/CNT electrocatalysts prepared in darkness and by the assisted UV-irradiation. The favorable effect of the photodeposition process is due to the generation of electrons and holes in the carbon support at sites where the metal cation is deposited via the photogenerated electrons, whereas holes are scavbenged by isopropanol, Due to the difference in electronegativity (in the Pauling scale) of Mo (2.6) and S (2.58) charge transfer is done to form MoS2. Although this effect could not be visualized in the XPS spectrum, the results by complex impedance spectroscopy attest on the HER activity, this phenomenon, see Figure S11 (SI). At ca. -0.05 V vs RHE, the material prepared in dark conditions (black curve) shows a reduction wave centered at -0.06 V/RHE, which is not observed on the sample prepared in presence of UV-light, Figure 2(a). This feature has been observed in amorphous MoSx-films, and has been attributed to the irreversible removal of S atoms of the MoSx surface, inducing a chemical transition from MoSx to MoS2. [START_REF] Ting | Catalytic Activities of Sulfur Atoms in Amorphous Molybdenum Sulfide for the Electrochemical Hydrogen Evolution Reaction[END_REF][START_REF] Deng | Operando Raman Spectroscopy of Amorphous Molybdenum Sulfide (MoSx) during the Electrochemical Hydrogen Evolution Reaction: Identification of Sulfur Atoms as Catalytically Active Sites for H + Reduction[END_REF] MoSx species seem to be unstable through the cycling process, cf. dotted lines of Figure 2(a). Furthermore, it is possible that a second parallel process is being carried out in which the [MoS4] 2-ion hydrolyzes to MoS3, [START_REF] Wang | XPS studies of MoS2 formation from ammonium tetrathiomolybdate solutions[END_REF] which is less active than MoS2. The argument mentioned above suggests that the UV-light method, through the electron-hole pair generation on the carbon support, improves the complete reduction of the precursor to MoS2. The reduction wave centered at -0.06 V/RHE decreases with the number of HER cycles as a result of the electrochemical reduction of MoSx. This electrochemical process probably affects the particle size and, therefore, the S-rich edge domains, identified as HER [START_REF] Alonso-Vante | The Hydrogen Evolution Reaction on Nanostructured Molybdenum Disulfide[END_REF] active sites, of MoS2 structure, thus showing a low HER performance with respect to photo-assisted MoS2. Also, the activity on MoS2/CNT, prepared via NaBH4, Figure 2(b), presents a rather similar HER performance to that of the hydrolysis. These alternative methods highlight that the activity and stability of the HER obtained through UV-assisted synthesis are superior.

The carbon support effect: MoS2/X characterization (X = GP, CNT or C)

In order to investigate the photo-assisted prepared materials at atomic level, HRTEM and HAADF-STEM techniques were carried out. For practical purposes, Figure 3 depicts the analysis of MoS2/CNT. The HRTEM image, Figure 3a, at intermediate magnification, clearly shows the tubular morphology of CNT; whereas EDS (insert) reveals the presence of C, S and Mo. HAADF-STEM images, Figure 3b-c, confirm the presence of MoS2 nanostructures (the interplanar distance of 0.273 nm corresponds to MoS2 (100) planes), which are dispersed over the carbon nanotube. The EDS scanning line profile suggests a sulfur-rich overlayer in the MoS2 structure. Besides, HRTEM analyses of MoS2/CNT, Figure 3d-f, display the MoS2 (002) atomic planes (an interplanar distance of 0.62 nm). Graphitic atomic planes of CNT are observed as well. The presence of MoS2 nanocrystals is shown in Figure 3g-i. Indeed, the FFT clearly distinguishes the MoS2 (100) plane and the C (002) plane of the CNT (Figure 3i). Similar results were observed in MoS2/C y MoS2/GP (cf. SI). The electron-microscopy results are concomitant to XRD patterns (cf. SI), which suggest the presence of small crystalline MoS2 features of around 4 nm or less (detection limit of the XRD instrument). The chemical signature of MoS2/GP, MoS2/CNT and MoS2/C samples was investigated via XPS and Raman Spectroscopy. Figures 5(a)-(b) show the Mo 3d and S 2p photoemission lines. XPS deconvoluted model for Mo 3d and S 2p regions is detailed in SI. The purpose thereof was to establish a possible effect and/or relationship between (i) the existing carbon chemical species in supporting materials; (ii) the effect of the carbon supports nature in the incorporation of elemental Mo and S; and (iii) the identification of any change in number and/or content of Mo and S chemical species. Each element has characteristic binding energies associated with the electronic transitions from each of its core atomic orbitals, which together with small shifts from the chemical environment, give rise to a characteristic set of peaks in the XPS spectra. [START_REF] Kibsgaard | Building an appropriate activesite motif into a hydrogen-evolution catalyst with thiomolybdate [Mo3S13] 2clusters[END_REF] Due to the overlapping regions of S2s-Mo3d, the analysis of the XPS spectrum is complex: a portion of the S 2s signal overlaps that of Mo 3d, so that the determination of the sulphur species, in this region, is not accurate. Moreover, it should match in number with those identified in the S 2p region. Under this consideration, the S 2s-Mo 3d region was fitted with three single peaks for S 2s and four sets of doublets 3d5/2 and 3d3/2 for Mo 3d. It is, however, a common practice in the literature, to use a single contribution to fit the S 2s signal. Nevertheless, based on the S 2p signal fitting, we assigned the S 2s feature as S 2-(225.1 ±0.2 eV), S 2-bridging (226.4 ±0.2 eV) and S terminal (227.6 ±0.2 eV). In the Mo 3d region, Figure 4(a), Mo 4+ , Mo 5+ and Mo 6+ oxidation states of molybdenum can be recognized. Mo 4+ in MoS2 (229.3 and 232.4 ± 0.2 eV), and MoO2 (229.9 and 233.1 ± 0.2 eV); Mo 5+ in Mo2O5 (231.0 and 234.0 ± 0.2 eV), and Mo 6+ in MoO3 (232.5 and 235.6 ± 0.2 eV). [START_REF] Hsin | Poly(vinylpyrrolidone)-Modified Graphite Carbon Nanofibers as Promising Supports for PtRu Catalysts in Direct Methanol Fuel Cells[END_REF][START_REF] Pantea | Electrical conductivity of thermal carbon blacks: Influence of surface chemistry[END_REF][START_REF] Ting | Catalytic Activities of Sulfur Atoms in Amorphous Molybdenum Sulfide for the Electrochemical Hydrogen Evolution Reaction[END_REF][START_REF] Deng | Operando Raman Spectroscopy of Amorphous Molybdenum Sulfide (MoSx) during the Electrochemical Hydrogen Evolution Reaction: Identification of Sulfur Atoms as Catalytically Active Sites for H + Reduction[END_REF] Additionally, the S 2p spectra were deconvoluted using eight sets of doublets corresponding to 2p3/2 and 2p1/2 electron levels. The ligand species, labelled S1 in Figure 4(b), with binding energies at 161.2 and 162.2 ± 0.2 eV [START_REF] Kibsgaard | Building an appropriate activesite motif into a hydrogen-evolution catalyst with thiomolybdate [Mo3S13] 2clusters[END_REF] was assigned to [Mo3S4] 4+ . S2 labels S 2-in MoS2 at BE values of 161.9 and 163.1 ± 0.2 eV, [START_REF] Kibsgaard | Building an appropriate activesite motif into a hydrogen-evolution catalyst with thiomolybdate [Mo3S13] 2clusters[END_REF][START_REF] Weber | Basic Reaction Steps in the Sulfidation of Crystalline MoO3 to MoS2, As Studied by X-ray Photoelectron and Infrared Emission Spectroscopy[END_REF][START_REF] Borgschulte | Hydrogen reduction of molybdenum oxide at room temperature[END_REF][START_REF] Lin | Sulfur-Depleted Monolayered Molybdenum Disulfide Nanocrystals for Superelectrochemical Hydrogen Evolution Reaction[END_REF][START_REF] Seo | Monolayer-Precision Synthesis of Molybdenum Sulfide Nanoparticles and Their Nanoscale Size Effects in the Hydrogen Evolution Reaction[END_REF][START_REF] Jaramillo | Hydrogen Evolution on Supported Incomplete Cubane-type[END_REF][START_REF] Wang | XPS studies of MoS2 formation from ammonium tetrathiomolybdate solutions[END_REF][START_REF] Guichard | Aging of Co(Ni)MoP/Al2O3 catalysts in working state[END_REF][START_REF] Weber | Structure of Amorphous MoS3[END_REF] whereas S3, S4 and S5 owe to and correlated to terminal in MoS2, at 162.8 and 164.0 ± 0.2 eV. [START_REF] Vrubel | Growth and Activation of an Amorphous Molybdenum Sulfide Hydrogen Evolving Catalyst[END_REF][START_REF] Wang | Electrochemical Tuning of MoS2 Nanoparticles on Three-Dimensional Substrate for Efficient Hydrogen Evolution[END_REF] terminal in MoS3 centered at 163.6 and 164.7 ± 0.2 eV, [START_REF] Vrubel | Growth and Activation of an Amorphous Molybdenum Sulfide Hydrogen Evolving Catalyst[END_REF][START_REF] Weber | Structure of Amorphous MoS3[END_REF] and the apical in MoxSy are centered at 164.8 and 166.1 ± 0.2 eV. [START_REF] Vrubel | Growth and Activation of an Amorphous Molybdenum Sulfide Hydrogen Evolving Catalyst[END_REF][START_REF] Wang | Electrochemical Tuning of MoS2 Nanoparticles on Three-Dimensional Substrate for Efficient Hydrogen Evolution[END_REF] Finally, a relatively small proportion of oxygen-sulphur species, labelled as S6, S7 and S8 were detected in all samples. MoS2/CNT sample presented the highest intensity. These oxygen-sulphur species could be associated to SO2 (167.1 and 168.4 ± 0.2 eV), and sulfoxy species (167.9 and 169.12 ± 0.2 eV) or (NH4)2SO4. [START_REF] Guichard | Aging of Co(Ni)MoP/Al2O3 catalysts in working state[END_REF][START_REF] Gao | Transformation of worst weed into N-, S-, and P-tridoped carbon nanorings as metal-free electrocatalysts for the oxygen reduction reaction[END_REF] Considering its low content, it is most likely that they correspond to by-products or remnants of the parent species. Therefore, the concentration of the dominant species over the catalyst decreased as follows: MoS2/CNT > MoS2/C > MoS2/GP. Probably, this trend is linked to the reduction of the periodicity of the crystalline domains, namely, the edges of molybdenum sulfide particle. Such edges will predominate over the crystalline domains, as suggested by EDS line scans. Interestingly, it seems that Mo-S chemical coordination is influenced by the nature of the carbon support material, since the S quantity follows the trend MoS2/CNT > MoS2/C > MoS2/GP. It is worth to mention that, regardless the support, the Mo:S ratio is similar, i.e., ~2, suggesting the dominating presence of MoS2. Table 2 reports the quantification of carbon supported MoS2 catalysts, revealing a MoS2 mass loading of ca. 16 wt. %.

Table 2. Surface semi-quantitative analysis of MoS2/GP, MoS2/CNT, and MoS2/C. The Raman spectra in the energy interval of 300 to 700 cm -1 , Figure 5(c), clearly reveal that all carbon supports do not present a Raman process. However, after the chalcogenide deposition, a broad signal is recorded at ca. 450 cm -1 , which is attributed to a band involving LA(M) and A2u modes. [START_REF] Van Der Vliet | Unique electrochemical adsorption properties of Pt-skin surfaces[END_REF] Using a laser of λ = 632.8 nm, the Raman E 1 2g and A1g vibrational modes are strongly dependent on the thickness of MoS2 structure, and these signals appear on structures of more than 4 layers. [START_REF] Van Der Vliet | Unique electrochemical adsorption properties of Pt-skin surfaces[END_REF] Therefore, Raman spectra confirm the presence of MoS2, and suggests a small particle-size and a thickness of less than 4 layers, which is consistent with HRTEM, HAADF-STEM and XRD analyses. The HER performance of the UV-photo-assisted electrocatalysts deposition was evaluated and compared with 20 wt.% Pt/C (Johnson-Matthey), cf. Figure 5. The photoassisted deposition of molybdenum disulfide shows an HER activity that depends on the nature of the carbon support. One can notice that the MoS2-based materials do not show any activity towards the hydrogen oxidation reaction (HOR); whereas Pt/C activates the HER/HOR kinetics. The apparent HER overpotential, ηHER, increases as follow: MoS2/CNT (0.07 V) < MoS2/C (0.12 V) < MoS2/GP (0.17 V). The HER overpotential, on MoS2 catalysts, was obtained at a current density of 10 mA cm -2 , η@10mA cm -2 , namely, 0.142 V; 0.175 V; and 0.275 V for MoS2/CNT, MoS2/C, and MoS2/GP, respectively. The Tafel analysis is shown in Figure 5(b), and the Tafel slopes obtained from RDE technique, -bRDE, are reported in Table 3. The Tafel slope increases from 39.5 mV dec -1 , 43.4 mV dec -1 to 45.4 mV dec -1 on MoS2/CNT, MoS2/C, MoS2/GP, respectively. This result suggests that HER proceeds through a Volmer-Heyrovsky mechanism, being the Heyrovsky step the rate-determining-step (RDS). In other words, the electrochemical coupling between one H + and one Hads onto an active site assigns a Tafel slope of ca. 40 mV dec -1 .

Catalyst

The electrochemical active surface area (ECSA) of MoS2/GP, MoS2/CNT and MoS2/C materials was determined by cyclic voltammetry, cf. SI. Then, the turnover frequency (TOF) of H2 evolution was evaluated, cf. SI. All HER kinetic parameters are summarized in Table 3.

Table 3. HER kinetic parameters of MoS2/GP, MoS2/CNT, and MoS2/C. *Evaluated at 0.025V and with charge (Q) calculated from the Hupd region The electrocatalytic enhancement of MoS2/CNT, Table 3, can be rationalized by considering the support interaction, the electrical conductivity, the dispersion, the particle size, and the density of sulfur terminal atoms in the molybdenum disulfide. Table S6 summarizes the relevant state-of-the-art, in which our carbon supported MoS2 is included. The electrochemical impedance spectroscopy (EIS) technique was applied to complement the electrochemical HER kinetics. Figure 6 shows the Nyquist and Bode plot of the impedance measurements. The data were fitted using equivalent electrical circuits at some typical applied electrode potentials, e.g., -0. the loop at high frequency (> 100 Hz) does not depend on the potential. Therefore, the impedance in the low frequency interval can be associated to the HER kinetics, or the charge-transfer resistance, Rct. Moreover, for MoS2/GP, there is one broad loop, suggesting a strong overlap of two-time constants, as observed in the Bode plot, in a similar manner to that of MoS2/C. The fitting of the EIS experimental data for MoS2/CNT and MoS2/C was done using the transmission line model. [START_REF] Vrubel | Revealing and accelerating slow electron transport in amorphous molybdenum sulphide particles for hydrogen evolution reaction[END_REF] This model consists of three impedances: (i) the electronic transport in the solid phase, (ii) the ionic transport in the electrolyte, and (iii) the electrochemical kinetics. Our system is based on: (i) the electronic transport in the carbon-support material detected at high frequency, (ii) the acid electrolyte solution resistance, and (iii) the electrochemical HER kinetics at the low frequency interval, Figure 6(c). Moreover, as shortly discussed above, the line model was modified for MoS2/GP, cf. Bode-phase diagram, Figure 6(b). In this case, the impedance is represented by; (i) the acid electrolyte solution resistance, and (ii) the electrochemical HER kinetics. This assumption is based on the consideration of the crystalline character of graphite, cf. Table 1, and the slow HER kinetics, cf. Figure 5. The equivalent-circuit for MoS2/GP system is shown in Figure 6(d).

To evaluate the rate determining step (RDS), the log diagram Rct versus overpotential (cf. SI) was used to obtain the Tafel slope generated by impedance data (-bEIS). For MoS2/CNT and MoS2/C, the difference between the Tafel plot is minimum between data obtained either by RDE or by EIS, cf. Table 3. This result strongly assesses the fact that the HER proceeds via a fast H + discharge reaction (Volmer step), and as RDS the electrochemical coupling between one H + and one Hads (Heyrovsky step). However, for MoS2/GP, the difference between both Tafel plots, via these two methods, is considerable. This feature could be explained by the fact that the Volmer step is slow, i.e., slow H + discharge reaction, as a prior step to Heyrovsky's.

To evaluate the long-term stability of the catalysts towards the HER, an accelerated stability test (AST) was performed. Figure 7 shows the AST results and the activity loss. MoS2/CNT and MoS2/C catalysts presented excellent stability and HER activity. Both displayed negligible loss of current and an almost-constant η@10 with the number of cycles, with an unaltered HER mechanism, Figure 7(b). In addition, Raman spectroscopy analysis revealed an unchanged MoS2 signature before and after the AST, Figure 7(c), whereas on MoS2/GP, the activity of HER decreased with the number of cycles, with a concomitant increase of the overpotential by 23%. The support interaction is an important indicator of the stability of the nanoparticle on the supports. If the interaction is too weak, the mobility of the nanoparticle is high and lead to particles migration and agglomeration. Based on the synchrotron X-ray absorption spectroscopy (XAS) measurements, Niu et al. [START_REF] Niu | A novel hybrid artificial photosynthesis system using MoS2 embedded in carbon nanofibers as electron relay and hydrogen evolution catalyst[END_REF] suggested that a carbonmolybdenum sulfide interaction can take place with C 2p and Mo 4d states. Our results point out that the UV-light-deposition favors the interaction of MoS2 with CNT and C, whereas the interaction is weaker on GP.

CONCLUSION

Compared to hydrolyzed MoSx and conventional chemical reduction, UV-photoassisted MoS2 deposition provided an enhancement effect on HER activity and stability in acidic electrolyte. The effects generated between the carbon support (C, CNT and GP) and the photo-assisted deposition of molybdenum disulfide for the HER, in acid electrolyte, were discussed. Physical-chemical properties of C, CNT and GP indicated that the electrical conductivity and structural damage (sp 2 -bonds and sp 3 domains) are dependent on the carbon nanomaterial surface nature. On the photo-assisted deposition of chalcogenide, the XPS analysis indicated that S2 2-terminal in MoS2 is the dominant chemical species in MoS2/GP, MoS2/CNT, and MoS2/C materials. The concentration of the dominant species over the catalyst decreased: MoS2/CNT > MoS2/C > MoS2/GP. Such species were correlated with the active sites and surface of the catalyst. MoS2 showed an HER activity with the nature of the carbon support, so that MoS2/CNT < MoS2/C < MoS2/GP, where the mechanisms proceeded via a fast H + discharge reaction (Volmer step), and as the rate determining step the electrochemical coupling between one H + and one Hads (Heyrovsky step). Moreover, the electrochemical impedance analyses showed that the H + discharge reaction is slow in MoS2/GP, being the Volmer step the RDS.

MoS2/CNT and MoS2/C catalysts showed excellent stability and HER activity. Both materials presented a negligible loss of current and an almost-constant η@10 with the number of cycles up to 2500, indicating an unaltered HER mechanism. On the other hand, for MoS2/GP, the activity of HER decreased with the number of cycles, concomitantly the overpotential increased by 23%. This HER kinetic performance on molybdenum sulfide is attributed to the strong interaction between MoS2 and the surface nature of the carbon support. 
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 1 Figure 1. Carbon supports characterization: (a) Raman spectra, and (b) the XPS C 1s chemical signature.Figure 2. HER polarization curves; (a) MoS2/CNT prepared by UV-photo-assisted deposition (red line) and in darkness (black line) hydrolysis. The dotted lines represent the first 10 operation cycles, and (b) MoS2/CNT prepared by UV-photo-assisted deposition (red line) and prepared by a chemical reduction (light-green line). Measurements were iR-corrected in H2-saturated 0.5 M H2SO4, 1600 rpm, 5 mV s -1 , 25 ºC. Figure 3. Representative HRTEM and HAADF-STEM micrographs of MoS2/CNT. The inserts show the EDS spectra and line scan (red line) analyses.Figure 4. Comparative high resolution XPS spectra of (a) S2s-Mo3d and (b) S2p regions for carbon supported MoS2 materials: (1) MoS2/GP, (2) MoS2/CNT and (3) MoS2/C; and (c) low-frequency Raman spectra (250-700 cm -1 , λ = 632.8 nm) of the carbon supported MoS2 materials. Figure 5. (a) HER polarization curves, and (b) corresponding Tafel slopes plot of MoS2/GP, MoS2/CNT, MoS2/C, and Pt/C benchmark. Measurements were iR-corrected in H2-saturated 0.5 M H2SO4, 1600 rpm, 5 mV s -1 , 25 ºC. Figure 6. (a) Nyquist, and (b) Bode diagrams of MoS2/GP, MoS2/CNT, and MoS2/C. The measurements were carried out in H2-saturated 0.5 M H2SO4, 2 MHz to 10 mHz, with 10 mV rms, at E = -0.15 V/RHE, 25 ºC. Equivalent circuit: (c) used for MoS2/CNT and MoS2/C, (d) for MoS2/GP.Figure 7. Accelerated stability test of MoS2/GP, MoS2/CNT, and MoS2/C. (a) HER polarization curves and (b) overpotential variation with the stability tests recorded every 500 cycles. (c) Raman spectra, before and after the AST, of MoS2/CNT electrocatalyst.
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Table 1 .

 1 Physical-chemical properties of C, CNT and GP support materials.

		FWHM D band	FWHM G band	IG/ID	La (nm)	C sp 2 (at.%)	C sp 3 -like (at.%)	σ (S cm -1 )	SBET (m 2 g -1 )
	GP	--	8.11	--	∞	63.34	9.50	17.81	004.69
	CNT	41.11	16.02	0.55	21.35	60.24	13.00	21.95	228.90
	C	107.78 38.32	0.25	09.63	57.76	13.80	07.86	248.

The HER activity and the carbon support effect

  

	3.4.		
		Mo | S content (at.%)	MoS2 content (wt.%)
	MoS2/GP	2.5 | 5.2	14.8
	MoS2/CNT	2.8 | 5.8	16.2
	MoS2/C	2.8 | 5.5	15.9

  15 V/RHE at MoS2/GP, MoS2/CNT, and MoS2/C. The EIS fitting details are shown in SI. The Nyquist plots of MoS2/CNT and MoS2/C materials showed two loops. The loop at the low frequency interval (100 Hz to 10 mHz) is potential dependent, cf. SI, whereas

	Catalyst	Q (C)	Cdl (μF)	η@10mA cm -2 (V)	TOF@0.125V (s -1 )	-bRDE (mV dec -1 )	-bEIS (mV dec -1 )
	MoS2/GP	4.193 x 10 -5	42.03	0.275	0.0818	45.43	66.08
	MoS2/CNT	8.733 x 10 -4	227.87	0.142	2.7639	39.53	38.91
	MoS2/C	5.010 x 10 -4	96.68	0.175	0.3099	43.37	42.15
	Pt/C	n. a.	n. a.	0.005	*28.26	29.24	n. a.
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