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Abstract
MoS2 is a promising catalyst for the hydrogen evolution reaction (HER) and the oxygen reduction reaction (ORR). Current research focuses on further modifications to enhance its performance. Here we show that shelling Cu particles with MoS2 layers produces several effects: the MoS2 shell is strained and defective and charge transfer from Cu to MoS2 occurs, both positive effects that activate the basal plane of MoS2. The hybrid showed good activity towards the HER and excellent activity towards ORR with an onset of 0.87 V vs. RHE (half wave of 0.765 V), and a dominating 4 electron reaction pathway.   



There is a growing interest in developing new catalytic materials as an alternative to the precious noble metals for energy-related applications, such as hydrogen generation from water splitting (HER) and the Oxygen Reduction Reaction (ORR) in fuel cells.1 The ORR serves as the cathodic reaction in the alkaline anion exchange membrane fuel cells (AEMFCs).2, 3 The ORR occurs at the cathode of the fuel cell and has a large kinetic barrier due to strong (di)oxygen double bond, which is the rate determining step for the production of output energy from the initial H2 fuel source, thus requiring substantial energy input to initiate the reaction. 
A promising low-cost alternative to the utilization of precious metals as catalysts is MoS2. However, the catalytic activity of pristine MoS2 towards the HER is still lower than its theoretical potential4 and its suitability as an effective catalyst for other reactions, in particluar ORR, has been hardly investigated. The efficiency of hydrogen production by MoS2 is limited by low conductivity and the number of active sites, e.g. edges and defects, while the basal planes are relatively inert.5 Strategies to overcome these limitations in MoS2 and other transition metal dichalcogenides include increasing the density of their catalytic sites either by creating defects,6-9 modifying the morphology10, 11 or by doping with other transition metals.5, 12-15 Another approach is to produce hybrid materials of MoS2 with other materials.11, 14, 16-26 The use of core-shell hybrid materials is a particularly promising approach for tuning the catalytic properties of layered nanomaterials. So far, several core materials were selected for encapsulation by MoS2.27-31 Hybrid Au-MoS2 core-shell structures as model photocatalysts24, 25, 32 and electrocatalysts18, 33 were recently reported. Our previous studies have shown that Au@MoS2 nanoparticles enhance the catalytic activity by the charge transfer from Au to MoS2 and by the strain within the MoS2 lattice as it embeds the curved Au nanoparticle.33 However, Au is a noble metal and expensive and practical usage requires affordable structures. Other coinage-metal cores, such as Ag or Cu, coated with MoS2 layers, were reported but used for surface enhanced Raman (SERS) applications.34-37 While Ag is also relatively an expensive material, Cu is an affordable material that can be used commercially. Therefore, replacing the expensive Au with Cu core provides prospect also for a more affordable catalyst, if comparable activity is achieved.  
In this work we report the preparation, characterization and catalytic activity towards HER and ORR of Cu@MoS2 hybrid nanostructures. TEM images of Cu@MoS2 present nanostructured Cu nanoparticles wrapped with multi-layers of MoS2, also confirmed by energy electron energy loss spectroscopy (EELS). Electrochemical measurements show that the hybrids’ catalytic activity towards HER and particularly ORR is better than free-standing MoS2 or Cu nanoparticles and other recently reported TMDs-based materials. Our unique hybrid structures pave the way for new approaches to design efficient, durable and cost-effective electrocatalysts for future energy related applications.  

The hybrid materials were prepared by reducing Cu(II)(aq) using NaBH4 and then adding slowly (NH4)2MoS4. The suspension was stirred overnight and then dried and annealed in a quartz ampoule. Details of the characterization techniques and instrumentation are provided in the supporting information. Working electrodes were prepared by dispersing the catalyst, carbon black and Nafion to produce homogenous ink. The ink was drop-casted onto a glassy carbon electrode or a rotating disk electrode. All the electrocatalytic measurements were conducted with a three-electrode system (working electrode as the active material, counter electrode is graphite, and Ag/AgCl as the reference electrode) in O2 saturated 0.1 M KOH and Ar-saturated 0.5 M H2SO4 electrolytes for ORR and HER respectively. All the potentials refer to the reversible hydrogen electrode (RHE). 
Directly after the synthesis of Cu nanoparticles, a sharp peak around 570 nm was observed in the UV-Vis spectrum (Figure 1a), attributed to surface plasmon resonance (SPR). The SPR peak provides definitive evidence for the presence of Cu nanoparticles in the solution at this stage, in accordance with the literature.38 The spectrum of the annealed particles, Cu@MoS2, contains peaks at 670 nm, 630 nm, and a broad peak at 400-550 nm, the characteristic A, B and C excitons of MoS2 (Figure 1b). 39-42 The broad feature in the IR of Cu@MoS2 is associated with CuS, which is known to have an absorption band around 1450 nm (Figure 1c).43 XPS measurements (Figures S1-S2) showed that Cu-S bond is formed already at the intermediate stage and a shift in the binding energy of Mo in the final product that is attributed to charge transfer from the Cu to the MoS2 shell.44  













Figure 1. Normalized absorbance spectra of (a) Cu nanoparticles (b) Cu@MoS2 (C) IR region for Cu@MoS2.
Raman measurements of Cu@MoS2 showed the formation of MoS2 (Figure 2a). The separation between the E2g1 and A1g peaks is 23 cm-1, attributed in the literature to 2-3 molecular layers of MoS2, though direct comparison to the literature is not entirely accurate due to different morphologies.45 The observed shift of the E12g to lower frequencies, i.e. below 380 cm-1, is considered as an evidence of S vacancies in the MoS2 shell.46-48 Powder XRD patterns (Figure 2b) contain both MoS2 and CuS (Covellite) peaks,49, 50 showing that the weight ratio of MoS2 to CuS is 1:1. Calculation of lattice strain using the XRD data showed that the hybrids contain about 1.4% strain compared to the bulk material, and about 1% more than the nanoflowers (see full calculation in the supporting information).  













Figure 2. (a) Raman spectroscopy of Cu@MoS2 (b) Powder XRD pattern of Cu@MoS2. 
Figure 3 shows TEM images of the Cu@MoS2 nanoparticles. The size distribution of the core Cu nanoparticles is in the range of 20-30 nm (Figure 3a). The number of sheets wrapping a particle varied between 2-6 and all of them were multi-layered. There are also few free standing MoS2 structures (Figure 3b). However, these free MoS2 are not effective catalysts and therefore hardly contribute to the catalytic activity, as will be shown below. High resolution high angle annular dark field scanning TEM (HAADF-STEM), shown in Figure 3c-d, provides the details of the shelling: the atomic layers of MoS2 form a concentric shell with occasional defects such as dislocations and grain boundaries. The shelling is not uniform and, in some places, not entirely complete. Figure 3e reveals the lattice planes of a core nanoparticle as well as the atomic structure of the MoS2 shell. The lattice plane distance (0.28 nm) of the core could correspond to the [103] direction of the covellite CuS phase. Electron energy-loss spectroscopy (EELS) analysis was performed to assess the elemental distribution within the Cu@MoS2 hybrids. The spatial distribution of Cu (red), Mo (green), S (blue) and C (yellow) obtained from the EELS analysis of a hybrid is mapped in Figure 3f. The core@shell structure of the nanoparticles is clearly visible, with Mo located in the shell region of the nanoparticle while Cu is confined to the core. S is found both in the core of the nanoparticle and at the shell forming MoS2 (Figure 3f). EELS measurements on several nanoparticles provided a Cu:S ratio of about 1:1 (see Figure S3), although the exact stoichiometry can differ by ~20%, suggesting a composition of CuxS with 0.8<x<1.2. The EELS analysis could exclude the existence of oxygen and metallic Cu.  
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Figure 3. 	TEM images of the (a) hybrid Cu@MoS2 (b) free standing MoS2 found in the vicinity of the Cu@MoS2 structures. (c-e) High resolution HAADF-STEM images of Cu@MoS2 hybrids. (f) EELS analysis on an individual Cu@MoS2 nanoparticle where the superposition of the elemental maps of Cu, S, Mo and C (from the carbon support film on the Al TEM grid) is seen. The color code is marked under the image. 
Electrochemical measurements were performed to evaluate the HER catalytic activity of the Cu@MoS2 hybrid, using linear sweep voltammetry (LSV) in a standard three electrode setup under acidic conditions (0.5 M H2SO4). The results (Figure 4a) confirm that the Cu@MoS2 hybrid exhibits better HER performance for a geometric current density of 10 mAcm-2, with an overpotential (ƞ) of 226 mV, significantly lower than Cu nanoparticles (431 mV) or free-standing MoS2 nanoflowers (422 mV).51 The HER kinetics were also estimated using the corresponding Tafel plots (Figure 4b), confirming  a substantially lower Tafel slope (80 mV/dec) of the hybrid than each of the other components separately. The stability of the hybrids for 3000 cycles was confirmed (Figure S4). The Tafel slope, obtained by Electrochemical Impedance Spectroscopy (EIS) from the linear fit of the plot of log (Rct-1) versus η (Figure S5),52 was in accordance with the value from the polarization curves, indicating a much improved electrical conductivity of the hybrid materials relative to pristine TMDs.52 The electrochemical double-layer capacitance (Cdl) was measured to estimate the electrochemically active surface area (ECSA), showing that the calculated ECSA of Cu@MoS2 was four-fold larger than MoS2 nanoflowers with the same mass loading, indictive of the high number of exposed active sites (Figure S6). These results are remarkably similar to the results obtained for similar Au@MoS2 structures, with a much more affordable materials in the present work. 


















Figure 4. (a) LSV measurements of Cu@MoS2, MoS2 nanoflowers and Cu nanoparticles, (b) corresponding Tafel slops.
We further explored the electrocatalytic activity of the Cu@MoS2 hybrid towards ORR in alkaline conditions. Cu@MoS2 showed a substantial oxygen reduction peak for the experiment in O2-saturated electrolytes, which was absent in N2-saturated electrolytes (Figure S7). Figure 5a presents the LSV curves obtained at 1600 rpm in O2-saturated 0.1 M KOH using a rotating disk electrode (RDE) technique. The LSV curves of MoS2 nanoflowers and commercial Pt/C were also recorded under the same conditions for comparison. Cu@MoS2 exhibited excellent ORR activity, with ORR onset of 0.87 V vs. RHE (half wave of 0.765 V), significantly more positive compared to free-standing MoS2 nanoflowers (0.73 V, with relatively low current densities and half wave 0.64 V). Impressingly, the hybrid exhibited performance which was better than other recently reported values for state-of-the-art MoS2-based structures (for broad comparison see Table S2) and was not far from the performance of Pt/C. Another parameter of great importance in evaluating the ORR activity of a catalyst is the number of electrons transferred during the reduction (n). While 4-electron reduction of O2 to H2O/OH- is the favorable process, often a 2-electron reduction of O2 to hydrogen peroxide (HO2-) occurs, resulting in lower energy conversion efficiency and degradation of the fuel cell. To estimate the electron transfer number (ne), LSV data was obtained with RDE at different rotation speeds in a scan rate of 10 mV∙S-1, as shown in Figure 5b with the corresponding Koutecky-Levich (K-L) plot (at 0V vs. RHE) in Figure 5c. An electron transfer number of 3.95 was calculated using the Koutecky-Levich equation (see supporting information), which is very close to the commercially available Pt/C electrode (3.99). Moreover, a rotating ring-disk electrode (RRDE) also confirmed a dominating four electron reaction pathway with negligible formation of peroxide (supporting information, Figure S8). 
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Figure 5: Electrocatalytic performance for ORR in O2-saturated 0.1 M KOH. (a) LSV measurements of the as-synthesized Cu@MoS2 catalysts, MoS2 Nanoflowers and commercial 20% Pt/C at 1600 rpm (scan rate: 25 mVs-1). (b) RDE experiment of Cu@MoS2 at different rotation speeds from 240 to 4200 rpm at scan rate of 10 mV s-1. (c) The Koutecky-Levich (K-L) plot of Cu@MoS2 (derived from b). 
[bookmark: _Hlk27465146]In summary, we developed a versatile approach to synthesize Cu/MoS2 core-shell-based nanostructures and characterized them by different microscopy and spectroscopy methods. This unique structure exhibits enhanced electrocatalytic properties towards various reactions (HER and ORR), which is attributed to the activation of MoS2 through a few pathways: the shelling produces basal plane strain and abundant defects, known as catalytically active sites; the interface with the Cu core produces  charge transfer from the Cu to the MoS2 shell and results in lower charge transfer resistance of the hybrid. Our work paves the way for new approaches to sculpture novel structures that activate MoS2 and similar TMDs by the use of non-noble conductive core, as a promoter for the formation of active sites in the outer TMDs shell.
Supporting Information. Extended synthesis protocols, experimental procedures, XPS data and various electrochemical measurements. This material is available free of charge via the Internet at http://pubs.acs.org. 
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