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Active and Stable Ruthenium/Osmium Based Electrocatalysts for Hydrogen Evolution by Seawater Splitting
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Ruthenium/osmium based controlled size nanoparticles (NPs), supported on graphene, have been prepared by a simple synthetic strategy consisting in the thermolysis of a suitable precursor in organic solvent under a low oxygen enriched atmosphere. An excellent combination of a low Tafel slope of 28 mV/dec with a negligible overpotential was measured for the prepared nanocomposite (RuOs_G), due to metal oxides resulting in electron rich Ru and Os islands. The nanocatalyst shows an activity higher than that of common Pt. Additionally, the paper proves that it is possible to use the synthesized nanocatalyst to catalyse directly seawater splitting. RuOs_G resulted very stable and active in complex solutions during electrolysis under high current density. 
Introduction
Water splitting is a promising technique for clean hydrogen energy harvesting. The preparation of cheap electrocatalysts with high Hydrogen Evolution Reaction (HER) activity and stability is crucial in H2 production by minimizing the reaction overpotential and energy consumption (González-Buch et al., 2013; Sarno et al., 2015). Seawater electrolysis for hydrogen synthesis is one of the most encouraging ways to produce hydrogen. Indeed, about 97% of the water present in nature is easily, abundantly and readily available as seawater (Kalogirou, 2005). Furthermore, the production costs are significantly reduced compared to the conventional water splitting, since purification processes and addition of electrolytes in order to increase conductivity and efficiency of the process are no longer necessary (Niu et al., 2016). In fact, seawater can be directly feed to an electrolyzer for H2 production due to the high presence of charge carriers such as NaCl. In addition, the in situ exploitation of sea waves-generated power (Meier et al., 2014) for the hydrogen production by seawater electrolysis is a very interesting route. Oceans are huge reservoirs of hydrogen atoms: extracting and converting them directly into a form of H2 fuel is a valid choice although it requires many technological advances, one of which is the development of efficient water splitting catalysts operating well in seawater. An effective catalyst would enhance the H2 production through the aforementioned method, because in the unpurified seawater there are hundreds of different impurities which might lead to catalyst poisoning (Zou et al., 2012; Gao et al., 2015). 
Pure platinum has been extensively studied due to its remarkable electrocatalytic activity towards a large amount of reactions. Nevertheless, the industrial-scale production and application have been significantly hampered by the high price, the scarce availability of this precious metal and its easiness of poisoning (Ma et al., 2017; Sarno et al., 2018a). As a Pt-group metal, ruthenium is used in different reactions, but there are few studies on using Ru compounds for hydrogen evolution (Sarno et al., 2019; Sen et al., 2018). In particular, Mg-type hcp structure of Ru is resistant to chemical attack during electrocatalytic processes (Zhang et al., 2018). Only some of the noble metals have been studied as electrodes for hydrogen generation from seawater and, at the best of our knowledge, osmium has not been explored yet. The chemistries of ruthenium and osmium are similar (Li et al., 2006). Os is the only other element known to have an oxidation state of 8 and it is a very stable and strong material, with electronegativity at the different oxidation states higher than that of Ru. 
A single-step preparation of Ru/Os based electrocatalysts supported on graphene for hydrogen generation from seawater splitting was presented. The synthesized electrocatalyst, thanks to the key role of Ru and Os oxides in improving the charge accumulation on Ru and Os metals and to the graphene in providing stability, electrical conductivity and excellent sea water impurities tolerance, showed very promising performance. The results indicate that the nanocomposites prepared allow to reduce onset overpotentials and Tafel slopes as well as significantly increase exchange current densities.
Experimental
RuOs_G nanostructures were produced using the following chemicals: ruthenium acetylacetonate (0.15 mmol), osmium(III) chloride(0.15 mmol), physical exfoliated graphite (3 mmol), benzyl ether (20 mL) as reaction solvent, 1,2-hexadecanediol (10 mmol) as reducing agent, oleic acid (6 mmol) and oleylamine (6 mmol) as surfactants. Physical exfoliated graphite (G) consisting of few layers of graphene, largely monolayer, was obtained by a sonication of graphite powder (microcrystalline,−300 mesh) in N-methylpyrrolidone (Guadagno et al., 2015). Oleylamine here acts also as a stabilizer and mild reducing agent, thanks to its ability to give electrons as temperature increases (Mourdikoudis et al., 2013).
Precursors underwent thermal reduction under N2 flow, carried out by heating the mixture to 200 °C for 2 h and further heating it to 285 °C for 1 h. After the synthesis, the sample was submitted to an additional treatment in order to remove the majority of the organic chains covering the nanostructures, which otherwise would hinder the charge transfer process. The treatment consists in heating up the sample under air flow, from room temperature up to 150 °C at 10 K/min for 8 h (Sarno et al., 2018b).
The characterization was obtained by the combined use of different techniques. Scanning electron microscopy (SEM) images were obtained with a LEO 1525 microscope. XRD measurements were performed with a Bruker D8 X-ray diffractometer using CuKα radiation. For the electrochemical measurements 4 mg of catalyst were dispersed in 80 μl of 5 wt. % Nafion solution to form a homogeneous mixture. Then the catalyst ink was loaded onto DRP-110 Screen Printed Electrode (SPE) consisting of a carbon working electrode, a platinum counter electrode and a silver reference electrode. Graphite SPEs were chosen owing to their superior characteristics over common carbon electrodes (Rowley-Neale et al., 2015). Electrochemical experiments were carried out by means of an Autolab PGSTAT302N potentiostat equipped with a FRA32M frequency response analyser module. Furthermore, in order to evaluate the Tafel slopes, Eq.1 was adopted:

	                                                                                                                                             
	(1)


Where μ is the overpotential, j is the current density and b is the Tafel slope.

Results and discussion
The X-ray diffraction pattern of the synthesized sample is shown in Figure 1, evidencing the existence of a quaternary nanostructure comprising ruthenium and osmium and the corresponding oxides. 
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Figure 1: XRD spectrum of RuOs_G nanocomposite
The peaks broadness is likely due to the low temperatures of synthesis and the nanosizes of the product. The highest detectable diffraction peaks can be attributed to the presence of the tetragonal lattice of both ruthenium and osmium oxide, with the (101) planes at ~34.46° 2θ, the (200) planes at ~41.91° 2θ and the (211) planes at ~54.11° 2θ (JCPDS 43-1027 and JCPDS 43-1044) (Yen et al., 2004). The presence of metallic Ru is evidenced by three diffraction peaks (indicated in magenta in the patter) corresponding to the major planes of the metal hexagonal lattice (JCPDS 06-0663). Furthermore, metallic Os shows also detectable peaks corresponding to the crystalline planes of its hexagonal lattice (JCPDS 06-0662) (Ede et al., 2014). 

SEM images of the starting G and of the prepared sample are reported in Figure 2a and 2b, respectively. SEM analysis of the prepared sample (Figure 2b) shows the presence of a three-dimensional network of microflakes strictly connected to each other, which are even more fragmented after the synthesis. A hierarchical construction, likely due to the co-presence of different size pores, is shown. In particular, the mesopores, crucial for providing ion diffusion channels and charge transfer, are visible in the sample images mainly after synthesis. Additional macropores for electrode wettability can be also seen. 
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Figure 2: SEM images of G (a) and RuOs_G nanocomposite (b)
To investigate the electrocatalytic activity towards HER of our nanomaterial, firstly we reported the polarization curves of RuOs_G deposited on a SPE in 0.5 M H2SO4 solution (Figure 3). The RuOs_G electrocatalytic behavior results excellent, also if compared with Pt. In particular, RuOs_G shows a negligible overpotential for HER and a fast current growth at decreasing voltages.
Moreover, RuOs_G gives nearly 100% Faradaic yield during HER in 0.5 M H2SO4, as revealed by the fact that the experimentally detected H2 amount is very close to the theoretical H2 amount (which is calculated based on a quantitative Faradaic yield from current density). 
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Figure 3: Hydrogen evolution curves for Pt and RuOs_G recorded at a scan rate of 20 mV s-1 in 0.5M H2SO4 and real seawater
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Figure 4: Tafel plot for Pt and RuOs_G in 0.5M H2SO4 and real seawater 
[bookmark: _GoBack]In view of the high efficacy and excellent stability of RuOs_G, we investigated its catalytic performance directly using real seawater as the electrolyte. As shown in Figure 3, RuOs_G still maintains high catalytic activity towards HER in real seawater. The performances of the synthesized nanostructure are even better than those of Pt. For example, the catalytic current density reaches 5 mA cm−2 at an overpotential < 500 mV, which is much less to the value required for Pt electrode (710 mV at 5 mA cm−2). The RuOs_G sample was also tested in simulated sea water showing a behavior comparable to that obtained in real sea water.
Figure 4 shows the Tafel plots for RuOs_G at pH 0 and pH 8.15. Since the linear portions of the Tafel plots are fit to the Tafel equation (see Eq.1), the corresponding Tafel slopes in 0.5 M H2SO4 are calculated to be 30 and ~ 28 mV/decade (iR-corrected) for Pt and RuOs_G, respectively. This result implies that the HER mechanisms are similar and the HER proceeds through the Volmer-Tafel mechanism (Li et al., 2011). 
Moreover, the larger Tafel slopes recorded in real seawater suggest that the electrochemical adsorption of hydrogen atoms would possibly be the prominent rate limiting step for the HER. 

Figure 5: Time dependence of electrocatalytic current density during electrolysis at overpotential 0.14 V for RuOs_G  in real seawater
The stability of RuOs_G in HER was examined by continuously monitoring the cathodic current at η = 420 mV for several hours (Figure 5), and the result shows that there is no loss of electrocatalytic activity after 24 hours. The high durability of RuOs_G can be attributed to the excellent tolerance of nanocarbon materials toward the impurities in seawater and the use of very stable and strong metals. In view of the excellent results, RuOs_G is very promising to directly use in seawater for generating H2, avoiding the cost of seawater desalination and purification.
Conclusions
RuOs_G nanocatalyst, consisting of a three-dimensional network of microflakes strictly connected to each other has been prepared, by an efficient and facile one pot synthesis process, for the effective hydrogen generation from seawater. The formation of a quaternary structure consisting of Os and Ru oxides with metallic inclusions was confirmed by XRD analysis. SEM analysis showed a hierarchical construction, because of the co-presence of different size pores. RuOs_G electrocatalytic behaviour toward HER was evaluated, resulting excellent, also if compared with Pt. In particular, RuOs_G showed a negligible overpotential, a fast current growth at decreasing voltages and a nearly 100% Faradaic yield. Moreover, aiming to extract the hydrogen atoms from the ocean and converting them directly into a form of H2 fuel, the synthesized nanocatalyst was used to catalyse the HER from seawater without buffering agents, commonly used. RuOs_G exhibited excellent performance: overpotential value lower than Pt and enhanced durability. The strong proton absorption capacity of the graphene support effectively promoted the HER performance and, simultaneously, protected the catalyst from etching, agglomeration and poisoning in seawater. Moreover the Ru and Os performance resulted improved by junctions and interactions with oxides, opening new perspectives for the development of innovative, durable and high performance electrodes for the cheap use of seawater for H2 generating. The analyses of the system for longer time of use are currently in progress.
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