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ABSTRACT: We report the synthesis of CoSe nanocrystals (NCs) decorated with Ru clusters which are employed as an electrocatalyst for the hydrogen evolution reaction in acid media. We show that this Ru-CoSe system undergoes chemical and structural transformations under hydrogen evolution conditions: CoSe NCs, which initially exhibit a hexagonal crystal structure, are converted into CoSe2 NCs having a cubic structure. The Co that is extracted during this process forms a Co oxide/hydroxide layer; the Ru clusters aggregate and form Ru NCs. Such modifications result in a final Ru-CoOx/Co(OH)x-CoSe2 nanocomposite that exhibits an enhanced hydrogen evolution activity. Our work highlights the importance of studying the chemical transformations that occur in both the catalyst and the support during hydrogen evolution reactions.

INTRODUCTION
With rising concerns about an energy crisis, much effort is being made to identify clean and renewable energy resources to lessen our reliance on fossil fuels. Hydrogen is considered as an ideal alternative, as it has a high energy density and it only produces water as a by-product when it is used as a fuel.1 The electrolysis of water is the most attractive approach to generating hydrogen, as it is environmentally sustainable.2-3 Over the past few decades, numerous efforts have been made to develop efficient hydrogen evolution reaction (HER) catalysts. To date, the most efficient catalysts are based on either noble metals (e.g. platinum,4 iridium,5 gold,6 ruthenium7 and their alloys8), transition metal chalcogenides (e.g. MoS2,9  FeS2,10 WS2,11 CoS2,12 CoSe,13-14 NiS,15-16 and NiSe17), metal carbides18 (e.g. Mo2C19, NiC/MoC20), metal borides (e.g. MoB21), metal nitrides18 (e.g. CoMoNx22) or metal phosphides (e.g. Ni5P4,23 CoxP,24 FeP,25 MoP26-28 and WP29).30 Yet, by far, the top performing catalysts (i.e. those that are the most highly active and stable) for the HER  still use expensive noble-metal-based materials. Recently, with the aim of reducing the costs of the catalyst while preserving a high electrocatalytic activity, noble metal nanoscale particles have been deposited and/or supported onto matrices to prepare nanocomposite catalysts with a large surface area and high conductivity.31-32 Carbon materials, such as carbon nanotubes33 and graphene,34 have been widely used as supports due to their high electrical conductivity and high surface area. Since carbon-based supports are not electrocatalytically active,35 alternative strategies, including N and P doping, have been exploited to circumvent this drawback. It has been demonstrated that doping carbon-based supports increases the efficiency of such materials, but this process is expensive, laborious (since it typically requires following a multistep process)36 and it requires a high reaction temperature (around 1000 °C). Therefore, alternative supports have been explored, and particular attention has been paid to transition metal compounds. Among them, transition metal oxides are reported to be electrocatalytically active and stable supports in basic electrolytes, but their low conductivity and instability in acidic electrolytes restricts their use in the HER.37-38 To overcome these problems, other transition metal compounds, such as chalcogenides,39-40 phosphides41-42 and carbides43-44 have been studied, and these seem to be particularly promising catalysts thanks to their good conductivity and stability in an acidic environment.39, 45-46 Furthermore, it has been shown that a combination of such materials with noble metal nanoparticles enhances the HER catalytic activity. Despite their interesting properties, research into the mechanism behind the catalytic activity of the combination of transition metal compounds with noble metals in the HER is still in its early stages. In particular, two different types of behavior have been observed when studying transition metal compounds in the HER. Most works suggest that these materials are stable supports for metal NCs under operational conditions, and that the synergistic effects arising from the combination of the noble metals and the supports leads to favorable hydrogen adsorption energies, resulting in a good HER performance.46-48 However, some reports have demonstrated that transition metal compound supports undergo surface oxidation under alkaline environment, forming noble metal-oxides-conductive matrix systems, which are the real catalyst for the HER.49 Consequently, more studies are required in order to understand how the combination of noble metals and transition metal compounds promotes the HER.
Alternative strategies aimed at lowering the overall costs of producing HER catalysts rely on replacing Pt, which is currently the best HER catalyst, with cheaper alternatives.42 Among the possible alternatives, it has recently been shown that Ru is a promising candidate since it has a bond strength with hydrogen (~0.4 eV) that is comparable to that of Pt.36 Although metallic Ru is active in catalyzing the HER, it dissolves under operational conditions (in both alkaline and acid electrolytes), which causes the final system to become unstable.50 Recent results have suggested that a possible way to overcome this issue is to synthesize Ru-based heterostructures or alloys in order to optimize the stability of the final catalysts. For example, Liu et al. demonstrated that Ru doped Ni@Ni2P core@shell heterostructures have a better HER performance than pure Ru NCs, and they remain stable for more than 5 h.42 Moreover, both alloy Ru-Co NCs encapsulated in nitrogen-doped graphene and Ru NCs dispersed in mesoporous TiO2 have been shown to be advanced electrocatalysts for the HER.51 
[bookmark: OLE_LINK14]Motivated by such findings, we decided to combine CoSe NCs, which have a metallic conductivity and reasonable HER activity, with Ru in order to achieve an active nanocomposite material. We developed a simple one-pot colloidal synthesis approach in order to decorate CoSe NCs with Ru clusters (see Scheme 1), and we studied the HER activity of the corresponding nano-heterostructures. 
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Predictably, Ru-CoSe NCs exhibited a better HER performance than pristine CoSe NCs. Furthermore, the HER activity of Ru-CoSe NCs was found to outperform the benchmark Pt/C catalyst under high current conditions. By investigating the origin of the high electrocatalytic activity of our catalyst, we found that Ru-CoSe NCs undergo several chemical transformations under HER conditions, resulting in the formation of a highly active Ru-CoOx/Co(OH)x-CoSe2 composite material. These results indicate that the combination of noble metal particles with transition metal chalcogenide NCs can generate highly HER active interfaces, which develop an interesting direction towards designing efficient and economically viable HER electrocatalysts.

 EXPERIMENTAL SECTION
Reagents. Colbalt(II) acetylacetonate [Co(acac)2, 99.99%], ruthenium(III) chloride hydrate (RuCl3), 1-dodecanethiol (DDT, 98%), 1-octadecene (ODE, 90%), oleylamine (OAm, 70%), ethanol (99.9%), toluene (99.7%), sulfuric acid (H2SO4), commercial Pt/C (20 wt% Pt) powder catalyst, Nafion® 117 solution (~5% in a mixture of lower aliphatic alcohols and water) and titanium foils (thickness 0.25 mm, 99.7% trace metals basis) were purchased from Sigma-Aldrich. Selenium powder (99.99%) was purchased from Strem Chemicals. Co(acac)2 and selenium powder were stored in a N2 filled glovebox. All the chemicals were used as received. 
 Synthesis of the Se Precursor (Se-OAm). 8 mmol of Se powder was mixed with 24 mL of OAm, and the resulting mixture was degassed under vacuum at 120 °C for 1 h. Subsequently, the temperature was rapidly increased up to 180 °C, then it was slowly increased to 230 °C. When it reached 230 °C, it was kept at this temperature for about 3 h until the solution became transparent (with an orange color). Finally, this Se precursor solution was stored in an N2 filled glovebox for further use.
Synthesis of Ru decorated CoSe (Ru-CoSe) NCs. The Ru-CoSe NCs were prepared by a colloidal synthesis approach. Typically, 0.05 mmol of RuCl3 and 1 mmol of Co(acac)2 were mixed with 10 mL of ODE in a 25 mL round bottom flask via electromagnetic stirring. The mixture was degassed under vacuum at 120 °C for 1 hour to remove moisture and oxygen. Next, 1 mmol of a Se precursor was injected into the flask under a flow of Ar. The mixture was heated to 250 °C and maintained at that temperature for 5 min under stirring. The black product was cleaned twice by redispersion in toluene and precipitation by the addition of ethanol. Eventually, the product was dispersed in toluene. For comparison, pristine CoSe NCs were also synthesized using the same procedure, but without any Ru precursor. The synthesis protocol is shown in Scheme l.
Transmission Electron microscopy (TEM). The annealed NC powder was re-dispersed in toluene for the sample preparation. The samples were prepared by dropping dilute solutions of NCs onto carbon film-coated 200 mesh copper grids for low-resolution TEM or ultrathin carbon/holey carbon coated 400 mesh copper grids for high resolution TEM (HRTEM). Low-resolution TEM measurements were carried out on a JEOL JEM-1011 transmission electron microscope operating at an acceleration voltage of 100 kV. HRTEM and high-angle annular dark field (HAADF)-scanning TEM (STEM) - energy dispersive X-ray spectroscopy (EDS) were performed on a JEOL JEM-2200FS microscope equipped with a Schottky emitter operating at 200 kV, a CEOS spherical aberration corrector for the objective lens, an in-column energy filter (Omega-type), and a Bruker Quantax 400 EDS system with an XFlash 5060 detector.
X-ray diffraction (XRD). XRD patterns were collected on a PANalytical Empyrean X-ray diffractometer equipped with a 1.8 kW Cu Kα ceramic X-ray tube and PIXcel3D 2x2 area detector operating at 45 kV and 40 mA. The patterns were collected in air at room temperature using Parallel-Beam (PB) geometry and the symmetric reflection mode. All XRD samples were prepared by drop casting a concentrated solution onto a zero-background quartz substrate. XRD patterns were processed by HighScore software. 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES). ICP-OES analysis was performed on an iCAP 6500 Thermo spectrometer so that the elemental composition of the synthesized NCs and of the supernatant solutions could be quantified. The samples were digested overnight in aqua regia prior to the ICP measurements. All chemical analyses performed by ICP-OES were affected by a systematic error of about 5%. The ratio of HCl to HNO3 was 3:1 (v/v). 
X-ray Photoelectron Spectroscopy (XPS). XPS analyses were obtained for the samples, before and after HER, using a Kratos Axis UltraDLD spectrometer. The data were acquired with a Mg Kα source (15 kV, 20 mA) to avoid any overlap between the Ru 3d and Se LMM Auger peaks that were observed when using the Al Kα source.52 Survey scans were carried out with an analysis area of 300 x 700 microns and a pass energy of 160 eV. High resolution analyses were carried out over the same area and at a pass energy of 20 eV. The Kratos charge neutralizer system was used on all specimens. The Spectra were corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV, and analyzed using CasaXPS software (version 2.3.17).
Electrode Preparation. NCs dispersed in ethanol with a concentration of 5 mg/mL can be directly used as an ink to coat on Ti foil substrates. 62.5 μL of the NC dispersion was drop-cast onto a 0.5 cm * 0.5 cm Ti substrates. Then the electrodes were dried in air and annealed at 400 °C for 30 min under an Ar atmosphere to remove the organic ligands on the surface of the samples. For a better comparison, an ink was prepared by dispersing 5 mg of Pt/C powder in 2 mL of ethanol containing 0.25 wt% of Nafion. A state-of-the-art Pt/C electrode was also prepared by depositing 25 μL of the ink onto a 0.5 cm * 0.5 cm Ti substrate.
 Electrochemical Measurements. All electrochemical measurements were performed on an IVIUM electrochemical workstation in a three-electrode system. The Ti film with various catalyst samples served as a working electrode. Ag/AgCl (3.8M KCl) and a graphite rod were used as reference and counter electrodes, respectively. A 0.5 M solution of H2SO4 served as the electrolyte. The potentials were converted to the RHE scale using the following formula:
ERHE = EAg/AgCl + 0.197 + 0.059*pH
   Electrochemical Impedance Spectroscopy (EIS) was performed under the HER operating conditions (i.e., at a cathodic bias that drives rapid hydrogen evolution) according to literature.19, 53 The potential was set at −0.2 V versus RHE in order to make a direct comparison. The frequency ranged from 100 kHz to 0.1 Hz. The EIS response for each electrode was then fitted with a simplified Randles equivalent circuit. The stability tests were performed by means of chronopotentiometry at a current density of -10 mA cm-2 and chronoamperometry at a potential of -0.17 V vs. RHE. All the potential data reported herein were corrected for iR losses using resistance obtained from impedance spectra. The electrochemical double-layer capacitance (EDLC) measurements were performed to calculate the electrochemical active surface area (ECSA) of the catalysts. To measure the EDLC, the cyclic voltammograms (CVs) were measured at different scan rates from 10 to 50 mv/s in the range from -0.02 to -0.08 V. 
Computational details. Density Functional Theory (DFT) calculations were performed using the Quantum Espresso code,54 employing the PBESol exchange correlation functional for all calculations.55 The core electrons were replaced with ultrasoft pseudopotentials.56 We considered the bulk experimental structure symmetries in all cases; hexagonal space group 194 for CoSe and Co, and cubic space group 205 for CoSe2. All cells and atomic positions were relaxed below 0.002 eV/A. We used a kinetic energy cutoff of 35 Ry in all cases, and we selected 8x8x6, 8x8x6 and 5x6x5 k point grids for the structures that are listed above.

RESULTS AND DISCUSSION
Ru-CoSe NCs were prepared by means of a simple and cost-effective one-step colloidal method in which Co(acac)2 and RuCl3 were reacted with a Se-OAm complex at 250 °C. The same synthesis protocol, but in the absence of RuCl3, was also used to prepare pristine CoSe NCs. After the synthesis, both samples were annealed at 300°C for 30 min under Ar with the aim of removing the native ligands, which have a negative impact on the electrocatalytic properties being electrical insulators that passivate the NCs’ surface sites (see the part of Influence of the Annealing Procedure including Figure S1 and S2 in SI for details). The XRD patterns of Ru-CoSe and pristine CoSe NCs after annealing indicated that the crystal phase of both NC products can be indexed with the bulk CoSe hexagonal structure (ICSD number 53959, see Figure 1a). No diffraction peaks related to Ru were found in the XRD pattern of Ru-CoSe NCs, probably due to their smaller size (low crystallinity) and low amount, as discussed in the following section. Moreover, the ICP-OES elemental analysis of CoSe and Ru-CoSe samples after the annealing showed Co/Se atomic ratios of 1.06 and 0.96, confirming the formation of stoichiometric CoSe products.  In addition, no narrowing of the XRD peak widths was observed after the annealing, indicating that no sintering occurred during this step (see Figure S3 for details). 
To investigate the morphology and the microstructure of our samples, we performed both TEM and HRTEM characterizations. According to TEM, the CoSe and Ru-CoSe NCs have sizes around 10 nm (Figure 1b, c). Figure 1d is a HRTEM image of Ru-CoSe NCs, in which the NC lattice can be indexed with the hexagonal CoSe phase (ICSD 53959). The lattice fringes have a spacing of 1.96 Å, and an angle of 68° was observed, which is consistent with the (01) and (1 ) planes of the hexagonal CoSe phase that is oriented along the [421] zone axis (see the corresponding fast Fourier transform images in Figure 1e). The STEM-EDS elemental mapping and line scan of Ru-CoSe NCs (Figure 1f, g) revealed that Ru, Co and Se were uniformly distributed throughout the NCs, with a Co:Se atomic ratio of 1.01:1 and a Ru:Co atomic ratio of 1.6:40 (4% of Ru). 
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Figure 1. (a) XRD patterns of CoSe and Ru-CoSe NC samples together with the bulk reflections of hexagonal CoSe (ICSD: 53959). TEM images of (b) CoSe and (c) Ru-CoSe NC samples. (d) An HRTEM image of Ru-CoSe NC samples and (e) the corresponding fast Fourier transform image (FFT). (f) An HAADF-STEM image and EDS elemental maps of Co, Se and Ru. (g) An EDS line scan over a single Ru-CoSe NC.

To gain more insight into the chemical composition and oxidation state of ions/elements in the CoSe and Ru-CoSe NC samples, we performed an XPS characterization (Figure 2). Both samples had similar XPS spectra. Regarding Co 2p XPS peaks, the signal collected in the 770-810 eV range (Figure 2a) suggests the presence of two different oxidation states in each sample: Co(0) contributes to the spectra with the narrow peaks centered at (778.1±0.2) eV and (793.1±0.2) eV;52, 57 and Co(II) contributes to the broad peaks at (781.1±0.2) eV and (797.1±0.2) eV as well as to the corresponding satellites at (786.1±0.2) eV and (802.8±0.2) eV. In analogy with our previous work, we assigned the Co(0) species to the CoSe NCs, and the Co(II) ones to the surface oxidation (i.e. CoO or Co(OH)2).58 This assignment was further confirmed by the results that were collected from a similar sample that was not exposed to air (see Figure S4), in which the intensity of the Co(II) species was greatly reduced. Moreover, both the CoSe and the Ru-CoSe NC samples were characterized by a peak at (54.4±0.2) eV and at (59.1±0.2) eV. This first peak corresponds to the Se anions in the metal selenides,34, and the second peak could be ascribed to Co 3p and, possibly, to oxidized Se that is present on the surface of both NC samples in the form of either SeO2 or SeO32- species (Figure 2b).59-60  The only difference between the two samples is evident in the 277-295 eV binding energy range, which includes the signal arising from C 1s (at approx. 285 eV) and Ru 3d. Indeed, the XPS spectrum of the Ru-CoSe NC sample showed the presence of a Ru 3d5/2 peak located at (280.1±0.2) eV, indicating that Ru3+ ions were reduced to Ru(0) during the synthesis, most likely by oleylamine (Figure 2c).61 Interestingly, XPS revealed that the amount of Ru in Ru-CoSe NCs was around 8%, which was higher than what was measured by EDS analyses (4%), suggesting that most of the Ru was localized on the surface of the NCs, in the form of metallic clusters.
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[bookmark: _Hlk16246085]Figure 2. High resolution XPS spectra collected on the energy ranges typical for (a) Co 2p, (b) Se 3d and (c) C 1s peaks. The data have been collected on both CoSe (bottom panels) and Ru-CoSe (top panels) NCs. Data are shown together with the results of the fitting procedure, as described in the text. Please notice that Co 3p peaks are also present and overlap with Se 3d peaks; similarly, Ru 3d peaks could be observed in the energy range typical for C 1s.

The catalysts were deposited on Ti substrates, and their electrocatalytic HER properties were tested. Interestingly, it was observed that, upon cycling, the catalyst’s performance changed. As is shown in Figure 3a, the HER activity gradually improved until the 40th CV cycle, and it eventually stabilized after 40 cycles. This suggests that the starting catalytic material (Ru-CoSe NCs) underwent a transformation before reaching a stable configuration. We further proceeded to measure ECSA of the Ru-CoSe catalysts before and after the electrochemical transformation, to evaluate the specific activity. The calculated ECSAs of the electrodes is reported in Table S1 of SI. The ECSA of the electrodes decreased (possibly due to aggregation of Ru clusters), however the specific activity of the catalyst increased after the electrochemical transformation processes, as shown in Figure S5.
In order to investigate the reason of the electrochemical transformation, and to understand the HER performance’s progress, we characterized the catalyst by XRD after 20 and 40 cycles (see Figure 3b). After 20 cycles, the crystal structure of Ru-CoSe NCs transformed from hexagonal CoSe (ICSD number: 53959) to monoclinic Co3Se4 (ICSD number: 99990), and, subsequently, after 40 cycles, to cubic CoSe2 (ICSD number: 42539) (see Figure 3b and Figure S6). This could be proved by looking at the 32-36° 2θ range of the XRD patterns: the (011) peak of the CoSe phase at 33.4° shifted to 33.9° after 20 cycles, matching the (31) peak of the monoclinic Co3Se4 phase, and then to 34.3° after 40 cycles, which could be indexed with the (021) peak of the cubic CoSe2 phase. The corresponding structure is shown in Figure 3d. These transformations were also supported by the ICP-OES elemental analysis of both the sample and the electrolyte, for which the Co/Se elemental ratios after 40 cycles were 0.53 and 2.79, respectively. These results indicate that a preferential extraction of Co took place during the CV cycles, which is consistent with the change in the stoichiometry following the CoSe  CoSe2 transformation. It should be mentioned that no Ru was detected in the electrolyte, indicating that Ru remained on the electrode, for which the Ru/Co ratio was measured to be 0.1. The long-term stability of the catalyst was tested by chronopotentiometry at an applied current density of -10 mA/cm2 for 30 h, and this also showed that there was a gradual reduction in the potential in the first 20 h before reaching stability, suggesting that Ru-CoSe NCs underwent a chemical transformation over time (Figure 3c). Indeed, the decrease in the potential during the first 20 h could occur as a result of the CoSe  CoSe2 transformation. After 20 h, the potential remained constant, probably due to the fact that the catalyst reached its stable configuration. The chronoamperometric test at a constant applied potential of -0.17 V vs. RHE also indicates an increase in catalytic current. Specifically, the HER current increased by 35% after 30 h of measurement (see Figure S7). It should also be mentioned that the presence of Ru had no influence on the CoSe  CoSe2 chemical conversion, as our control experiments revealed that pristine CoSe NCs were found to undergo the same transformation (Figure S8 of the SI).
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Figure 3. (a) CV polarization curves from the 1st cycle to the 40th cycle. (b) Magnification of XRD patterns from 32 to 36° after 0, 20 and 40 cycles of HER for Ru-CoSe NCs on Ti substrates. (c) Chronopotentiometry plot of Ru-CoSe NCs, plotted at a constant cathodic current of -10 mA/cm2. (d) Sketch of CoSe, Co3Se4 and CoSe2 crystal structures.

The HER activities of both Ru-CoSe and CoSe NCs were thoroughly characterized and compared after they had been stabilized by CV for 40 cycles. The polarization curves with the iR correction are illustrated in Figure 4a: the Ru-CoSe NCs exhibited a good HER performance with a low overpotential of 152 mV (to achieve 10 mA/cm2), which was considerably lower than that of pristine CoSe NCs (228 mV). 
To understand the HER kinetics, we calculated the Tafel slopes from the corresponding polarization curves (see Figure 4b). The Tafel slope of Ru-CoSe NCs was 37 mV/dec, which is close to the value of the Pt/C reference electrode (35.5 mV/dec), while the CoSe NCs had a higher slope of 46 mV/dec. This indicated that the decoration with Ru on CoSe substantially helped to accelerate the HER kinetics. The low Tafel slope of the Ru-CoSe NCs sample suggests that the HER kinetics of this catalyst could be explained by taking into account two steps: an initial Volmer step (H+ + e— → Hads) in which the H+ was adsorbed by the metal active sites to form Hads intermediate species; a second step that involved a combination of Heyrovsky (Hads + H+ + e—→ H2) and Tafel (2Hads → H2) reactions, in which adjacent adsorbed or ionic H species combined to form an H2 molecule. Since the value of the Tafel slope was between 30 mV/dec (when the Tafel reaction was dominant), and 40 mV/dec (when the Heyrovsky reaction was dominant), the second step was found to be the one that limits the rate.62 EIS measurements were performed on our HER catalysts to characterize interface reactions and electrode kinetics as shown in Figure 4c. The equivalent circuit used to fit the impedance data is shown in inset of Figure 4c. The values of series resistance (Rs), and charge transfer resistance (Rct) obtained by fitting the impedance plots are listed in Table S2 of the SI. It is  revealed that the presence of Ru on CoSe NCs lowered the overall Rct from 4990 to only 7.75 Ω, indicating an improved charge transfer ability, which results in improved HER activity (see Figure 4c).63-64 Furthermore ECSA-normalized polarization curves of CoSe and Ru-CoSe NCs show that Ru strongly improved the intrinsic HER activity of CoSe (see Table S3 and Figure S9).
Subsequently, we calculated the turnover frequency (TOF) values, which reflected the intrinsic electrocatalytic activity of the catalysts in an acidic solution at different overpotentials considering Ru and Pt as active sites. The TOF values are as follows: 0.5 (at 200mV), 1.25 (at 250 mV) and 2.07 (at 300mV) H2 s-1 for Ru-CoSe NCs; and 1.28 (at 200mV), 1.65 (at 250 mV) and 2.1 (at 300mV) H2 s-1 for Pt/C NCs (see Figure 4d). It should be noted that the TOF of Ru-CoSe NCs was high, reaching values comparable to those of the Pt/C under high overpotentials, indicating an excellent H2 production efficiency. The mass activity of the HER normalized to the Ru (for Ru-CoSe NCs) or Pt (for Pt/C) loadings was calculated at 200, 250 and 300 mV, respectively. Remarkably, the mass activity of the Ru-CoSe NCs at 300 mV was twice as high as that of Pt/C at the same overpotential. Overall, these findings suggest that CoSe NCs decorated with Ru clusters could lead to a final composite catalyst whose activity at high overpotentials is comparable to, or even higher than, that of Pt in Pt/C. One possible reason could be that a Pt/C electrode suffers from bubble buildup effect at higher overpotentials. Finally, we compared the HER activity of our catalysts with those reported in literature for Ru and CoSe based catalysts (see Table S4). The values indicate that HER catalytic activity of our catalyst is comparable to those reported in literature in terms of Tafel slope.
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[bookmark: _Toc531070976][bookmark: _Toc532483234]Figure 4. (a) LSV polarization curves together with the corresponding (b) Tafel plots and (c) EIS Nyquist plots of CoSe, Ru-CoSe and Pt/C NCs. (d) TOF and MA values of Ru-CoSe and Pt/C NCs.
The morphology, structure and composition of Ru-CoSe NCs after 40 CV cycles were further analyzed via TEM. Our TEM analysis, coupled with EDS elemental mapping, revealed that the sample was composed of an amorphous Co oxide matrix with the presence of Co(OH)2 nanoplatelets (ICSD number: 53994, see Figure 5a-e), which surrounded cobalt selenide NCs. The XPS spectrum of the catalyst after HER also showed that Co2+ signal increased after the HER, which is a further evidence that a Co oxide matrix formed on the surface (see Figure S10). The cobalt selenide NCs surrounded by a Co oxide matrix had lattice fringes that could be indexed with the cubic CoSe2 crystal structure (ICSD number: 42539, see Figure 5c-d and Figure S11 in the SI) and a Co/Se ratio of 0.5, which is in agreement with both the ICP and the XRD results. Most notably, Ru was found to be aggregated and distributed throughout the final sample (see Figure 5c-d and f), most likely in the form of metallic Ru NCs (ICSD number: 40354), having a mean size of about 3 nm, which were found in the vicinity of the CoSe2 NCs. Overall, our analyses suggest that the starting hexagonal Ru-CoSe NCs transformed into cubic CoSe2 NCs upon the extraction of Co. A part of the extracted Co probably formed an amorphous matrix made up of Co oxide and hydroxide species. Meanwhile, the Ru clusters that decorated the surface of starting the CoSe NCs underwent aggregation, forming metallic Ru NCs. Eventually, the final electrocatalyst was a Ru-CoOx/Co(OH)x-CoSe2 nanocomposite.
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[bookmark: _Toc532483236]Figure 5. (a) TEM, (b-c) HRTEM and (e) HAADF-STEM micrographs and the corresponding EDS elemental mapping of Ru and CoSe2 NCs obtained after HER. The scalebar in panel (e) is 200 nm. (d) A Fast Fourier transform image of region (c). (f) An EDS line scan over a single NC of the Ru-CoSe sample after HER.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK15][bookmark: OLE_LINK16]To understand the CoSe  CoSe2 transformation that occurred in our catalyst under HER operational conditions, we investigated the thermodynamic stability of cobalt selenide compounds in water with a negative applied bias. The Eh-pH diagram of the Co-Se-H2O system that was reported by Krivovichev et. al. (see Figure S12 of the SI) clearly showed that, when the applied bias was negative, the only stable phase in the whole pH rage was CoSe2 (trogtalite).65 Also, the Gibbs free energy of the CoSe  CoSe2 transformation was calculated to be -1.45 eV, as emerged from our DFT modelling, meaning that such a chemical transformation was favored under our experimental conditions (see the part of Theoretical Evaluation of Stability in the SI for details). Moreover, since the H* species on the surface of the catalyst were consumed to produce H2, the formed hydroxide ions were released to the electrolyte creating a high local pH (alkaline) close to the surface of the electrocatalyst (Scheme 2) which would explain the formation of Co hydroxide species on the top of our Ru-CoSe catalyst. These Co hydroxides on the surface of the sample might help in water adsorption and dissociation under high local pH environment to form H* species that are subsequently adsorbed on adjacent Ru atoms, thus contributing for the improvement in HER.66-67 

Scheme 2. Schematic illustration of the HER mechanism when employing the Ru-CoOx/Co(OH)x-CoSe2 electrocatalyst.
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CONCLUSIONS
In summary, we synthesized Ru-decorated CoSe NCs which exhibited excellent activity for the HER under acidic condition. The catalyst was produced by a simple and cheap one-step colloidal method in which Co(acac)2 and RuCl3 were reacted with a oleylamine-Se complex at 250 °C. The presence of Ru was observed to strongly enhance the electrocatalytic properties of CoSe NCs, mainly by improving the HER kinetics, and reducing the charge transfer resistance. Importantly, we observed that such catalyst underwent a complex chemical transformation during the HER: CoSe transformed into CoSe2 NCs with the Co cations lost in the transformation generating CoOx and Co(OH)x species; Ru clusters underwent aggregation forming in Ru nanoparticles. The final outcome of such processes changed the original Ru-CoSe NCs into a Ru-CoOx/Co(OH)x-CoSe2 nanocomposite which was the actual catalyst for HER. The present work also highlights that the nanoscale transformations in the catalyst affect the HER performance.
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