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Core-shell nanoparticles are synthesized by nanosecond-pulsed discharges in liquid nitrogen using a two-step process. In a first step, copper nanoparticles (resp. zinc nanosheets) are synthesized by eroding pure copper (resp. zinc) electrodes. In a second step, copper (resp. zinc) electrodes are removed and replaced by zinc (resp. copper) electrodes in the liquid loaded with copper nanoparticles (resp. zinc nanosheets). After erosion and air oxidation, once nitrogen has evaporated, Cu@ZnO core-shell nanoparticles are obtained in both configurations. The shell is always ZnO, because of the unusual formation of zinc nanosheets instead of zinc nanoparticles. When Cu electrodes are used first, copper nanoparticles are wrapped in ZnO nanosheets. When Zn electrodes are used first, copper nanoparticles hit zinc nanosheets and get coated to form also Cu@ZnO. In this latter case, Cu2O@ZnO are sometimes encountered too but to a much lesser extent. Copper oxidation is then attributed to a failure in the zinc protective shell. Time-resolved optical emission spectroscopy measurements reveal that Cu lines and Zn lines are never emitted simultaneously, the element in the liquid remaining outside the discharge area. If zinc nanosheets are synthesized first, N II lines are exclusively observed during the first 200 ns of discharges with copper electrodes, revealing for this process the possibility of highly energetic processes.

INTRODUCTION

Synthesis of nanoparticles (NPs) by discharges in dielectric liquids is an efficient way to process nanostructures at high rate and very low cost [START_REF] Belmonte | Interaction of discharges with electrode surfaces in dielectric liquids: application to nanoparticle synthesis[END_REF]. ZnO and CuO are semiconductors that are extensively studied. They both present an appreciable photocatalytic activity and might be good candidates for photocatalysis and solar cells [START_REF] Soejima | Alkaline vapor oxidation synthesis and electrocatalytic activity toward glucose oxidation of CuO/ZnO composite nanoarrays[END_REF][START_REF] Sathishkumar | Synthesis of CuO-ZnO nanophotocatalyst for visible light assisted degradation of a textile dye in aqueous solution[END_REF][START_REF] Liu | Hierarchical CuO-ZnO "corn-like" architecture for photocatalytic hydrogen generation[END_REF]. They also offer perspectives in sensing applications [START_REF] Wang | CuO nanoparticle decorated ZnO nanorod sensor for low-temperature H2S detection[END_REF][START_REF] Kim | One-pot hydrothermal synthesis of CuO-ZnO composite hollow spheres for selective H2S detection[END_REF][START_REF] Qi | Humidity sensing properties of KCl doped Cu-Zn/CuO-ZnO nanoparticles[END_REF]. Their band gaps are ~3.3 eV, 1.2-1.9 eV and ~2.3 eV for ZnO (intrinsic n-type), CuO(intrinsic p-type) and Cu2O(intrinsic p-type) respectively.

On the contrary, the CuO-ZnO system has thus far received little attention. The mixed systems of zinc oxide and copper oxide as nanosize core-shell structures have only been reported by Tamanis et al. [START_REF] Tamanis | Synthesis of Core/Shell CuO-ZnO Nanoparticles and Their Second-Harmonic Generation Performance[END_REF] very recently. Furthermore, Cu@ZnO core-shell nanostructures have been acknowledged to be important catalysts for methanol production from synthesis gas at moderate pressures and temperatures [START_REF] Schur | Continuous coprecipitation of catalysts in a micromixer: Nanostructured Cu/ZnO composite for the synthesis of methanol[END_REF][START_REF] Kalidindi | Synthesis of Cu@ZnO coreshell nanocomposite through digestive ripening of Cu and Zn nanoparticles[END_REF].

If the synthesis of copper oxides and zinc oxide NPs by discharges in liquids have been amply investigated [START_REF] Burakov | Synthesis and Modification of Molecular Nanoparticles in Electrical Discharge Plasma in Liquids[END_REF][START_REF] Tarasenko | Properties of zinc-oxide nanoparticles synthesized by electrical-discharge technique in liquids[END_REF][START_REF] Loa | Shape-controlled synthesis of Cu-based nanofluid using submerged arc nanoparticle synthesis system (SANSS)[END_REF][START_REF] Yao | Formation of uniform CuO nanorods by spontaneous aggregation: Selective synthesis of CuO, Cu2O, and Cu nanoparticles by a solid-liquid phase arc discharge process[END_REF][START_REF] Ashkarran | Photocatalytic activity of ZnO nanoparticles prepared via submerged arc discharge method[END_REF][START_REF] Lo | Fabrication of copper oxide nanofluid using submerged arc nanoparticle synthesis system (SANSS)[END_REF], the same is not true for core-shell structures and alloys. Panuthai et al. [START_REF] Panuthai | Characterization of copperzinc nanoparticles synthesized via submerged arc discharge with successive reduction process[END_REF] eroded copper-zinc (Cu-Zn) alloy electrodes with different copper contents (90Cu/10Zn and 65Cu/35Zn) by an arc discharge submerged in glycol, ethanol and deionized water. They could produce a mixture of Cu, Cu-Zn, and zinc oxide nanoparticles with size distributions depending on the chosen liquid. Karahaliou et al. [START_REF] Karahaliou | CuO/Ta2O5 core/shell nanoparticles synthesized in immersed arc-discharge: production conditions and dielectric response[END_REF] synthesized CuO@Ta2O5 core-shell NPs by anodic arc-discharges in water. They run discharges between a graphite electrode and a U-shaped circular stainless steel holder filled with compressed copper and tantalum micrograins. According to these authors, in the specific arrangement used, mechanisms involved in the synthesis of CuO@Ta2O5 NPs are unknown.

In the present work, we study the possibility to grow core-shell nanoparticles in the Cu-Zn-O system by discharges in liquid nitrogen via a three-step process. Discharges are run first between two copper electrodes to produce Cu NPs. Next, new discharges are run between two zinc electrodes in the same liquid where Cu NPs, formed during the first step, are present.

Cu@Zn core-shell NPs are thus expected to be obtained, zinc coating then copper nanoparticles. To get Zn@Cu NPs, steps 1 and 2 should just be swapped, but it turns out that things are more complex in this case and that will be described hereinafter. The last step corresponds to the oxidation of the synthesized core-shell NPs, which occurs after evaporation of liquid nitrogen, which leads to air exposure and transformation of metals into oxides.

Besides thorough investigations of as-formed nanoparticles by different diagnostics, we resorted to time-resolved optical emission spectroscopy at the nanosecond scale to clarify the growth mechanisms of these nanostructures.

EXPERIMENTAL SET-UP

The experimental set-up was presented in detail in reference [START_REF] Hamdan | Impacts created on various materials by micro-discharges in heptane: Influence of the dissipated charge[END_REF]. Briefly, a pin-to-pin electrode configuration was used. Electrodes were copper or zinc wires (1 mm in diameter). A high DC voltage power supply (Technix SR15-R-1200-15 kV-80 mA) fed a solid-state switch (HTS-301-03-GSM) connected to one pin-electrode, the other electrode being grounded. The voltage rise time was 20 ns without ballast resistor.

Experiments were run in two steps. The first step corresponds to the synthesis of one specific type of nanoparticles, say copper, in liquid nitrogen, which is known to be inert in our conditions. The experimental conditions retained here are an applied voltage of +10 kV and an inter-electrode gap distance of 100 µm. After the dielectric liquid is enriched with nanoparticles (i.e. after about one hour of successive discharges ignited at 10 Hz), the second step starts. It consists in running discharges in the same liquid, now loaded in copper nanoparticles, but with two electrodes made of zinc to get a Cu@Zn core-shell structure. The duration of a single discharge pulse is 200 ns. The duration of the second step of NPs synthesis process is also about one hour. The volume of the liquid used in the reactor is 100 cm 3 .

Nanoparticles are collected by sedimentation on a silicon wafer located under the pinelectrodes. We resorted to scanning electron microscopy (SEM) -XL30S-FEG by Philips -for structural and chemical observations. An EDXS (Energy-Dispersive X-ray Spectrometer) was used for elemental analysis and a TLD detector (through the lens detector) was used for high resolution imaging. A Philips CM200 device and a JEOL ARM 200F Cold FEG device were used for TEM investigation in order to study the crystallinity and the chemical composition of NPs. Electron Energy Loss Spectroscopy EELS experiments were performed in diffraction mode. The spectrometer is set to an energy dispersion 0.05 eV/channel. Thecondenser aperture, spectrometer entrance, camera length were respectively 150 μ m, 2.5 mm and 4 cm leading to a collection half angle of 20 mrad and an energy resolution of 0.5 eV measured at full width at half maximum (FWHM) of zero loss peak. Energy-Filtered Transmission Electron Microscopy (EFTEM) were recorded in STEM mode.

Optical emission spectroscopy was performed with a 550 mm focal length monochromator (Jobin-Yvon TRIAX 550) equipped with a 100 g mm -1 grating for overall spectra in the (250-900 nm) visible range, lines being strongly broadened and high spectral resolution useless. It was coupled with a HORIBA Jobin-Yvon i-Spectrum Two iCCD detector. Each measurement is averaged over 50 spectra recorded with an exposure time of 50 ns. Although discharges in dielectric liquids are known to be stochastic, using a solid-state switch with a 20-ns rise time ensures a high level of reproducibility because breakdown necessarily occurs within a time window inferior to the exposure time (see reference [START_REF] Hamdan | Comparison of Aluminium Nanostructures Created by Discharges in Various Dielectric Liquids[END_REF] for further details).

However, because of the generation of high-frequency signals by discharge current oscillations (at about 1 MHz), ghost lines are sometimes observed. They are easily identified in time-resolved data, for they disappear from one spectrum to the other.

RESULTS AND DISCUSSION

On the specificity of Zn erosion

If eroding copper electrodes under the chosen conditions leads to the synthesis of NPs with spherical shapes (Fig. 1a), eroding zinc electrodes gives mainly 2-dimensional nanostructures (nanosheets) with few spread NPs (Fig. 1b). Typically, their thickness is about 4 nm, according to AFM measurements. Spherical NPs are made of CuO, since copper NPs are exposed to air before TEM analysis, once liquid nitrogen has fully evaporated. These primary NPs have sizes ranging typically between 2 and 10 nm. However, larger primary NPs, with diameters closer to 30-50 nm are also present, but to a lesser extent. Similarly, nanosheets are made of ZnO. Unreported diffraction patterns and micro-EDX analyses prove undoubtedly that both metals are oxidized as CuO and ZnO respectively.

The behaviour of zinc is uncommon for a metal eroded by spark discharges in liquids. This is likely due to the use of liquid nitrogen as liquid dielectric. Indeed, all processes of the same kind are usually operated in deionized water, leading to spherical or elongated nanoparticles [START_REF] Tarasenko | Properties of zinc-oxide nanoparticles synthesized by electrical-discharge technique in liquids[END_REF][START_REF] Ashkarran | Photocatalytic activity of ZnO nanoparticles prepared via submerged arc discharge method[END_REF]. We assume that the synthesis of zinc nanosheets proceeds by a kind of exfoliation mechanism where a few atomic layers are detached from zinc grains submitted to the plasma flux. This mechanism would be driven by the specific structure of the zinc wire used as electrode as soon as sufficiently large thermal gradients are at stake. However, till now, no clear explanation dealing with the synthesis mechanism of these nanosheets can be put forward. Ongoing new experiments will maybe give a better understanding. Nevertheless, the specific nanosheet structure of zinc produced by plasma erosion of the electrodes is a key feature in the present work to explain how core-shell structures are formed, as described below.

Starting with copper electrodes

When copper nanoparticles, like those depicted in Fig. 1a, are synthesized first, a large part of these particlesi.e. those floating in the vicinity of the inter-electrode gap each time the discharge is ignited -get coated by zinc during the second step of the process. They represent about 35 ± 5 percent of the objects collected on a TEM grid. These NPs are then exposed to air, once liquid nitrogen is evaporated, and get oxidized. In Fig. 2a, a TEM overview of the core-shell NPs is depicted. Spherical NPs (Fig. 2a), similar to those obtained for pure copper (Fig. 1a), are visible. When we zoom in, we observed that these NPs are coated by a shell, which is very clear in Fig. 2b. The diffraction pattern corresponding to the selected area (Figs. 2c and2d) indicates the presence of pure copper and zinc oxide ZnO. We readily infer that the zinc shell protects the copper core from oxidation, once the nanostructure is put in the air. Zinc is turned into zinc oxide, which passivates the nanostructure and preserves its metallic core. On the other hand, the metallic character of the core could be confirmed by Electron Energy Loss Spectroscopy (Fig. 3). In Fig. 3a, the near-edge structure of L23-Cu in the EELS spectrum is formally identical to metallic copper's (after data available in references [START_REF] Leapman | Study of the L23 edges in the 3d transition metals and their oxides by electron-energy-loss spectroscopy with comparisons to theory[END_REF][START_REF] Ewels | A Complete Overhaul of the Electron Energy-Loss Spectroscopy and X-Ray Absorption Spectroscopy Database: eelsdb[END_REF][START_REF] Hofer | New examples for near-edge fine structures in electron energy loss spectroscopy[END_REF]). On the other hand, the near-edge structure of L3-Zn in the EELS spectrum (Fig. 3b) exhibits the same P1 and P2 contributions -due the fact that the electron beam changes from parallel to perpendicular to c-axis -as in ZnO. Finally, running discharges between zinc electrodes in liquid nitrogen loaded with copper nanoparticles does produce Cu@ZnO core-shell nanostructures.

Starting with zinc electrodes

When zinc sheets, as those depicted in Fig. 1b, are synthesized first, they are hit by copper NPs synthesized during the second step of the process and exiting the discharge. Then, the general sheet-like aspect of zinc is kept, as it is visible in Fig. 4a. Two types of core-shell NPs are produced: Cu@ZnO (~80-90% of core-shell objects) and Cu2O@ZnO (~10-20%).

Copper NPs synthesized in the discharge hit the zinc sheets at high speed and stick to them and/or get wrapped by zinc. Two situations arise.

First, a copper NP is fully covered by a zinc sheet. High-resolution TEM images (Fig. 4b) clearly show the full coverage of copper by zinc. The diffraction pattern corresponding to the selected area (Figs. 4c and4d) indicates the presence of Cu and ZnO. The metallic character of the core was again confirmed by Electron Energy Loss Spectroscopy (Fig. 5). In Fig. 5a, the near-edge structure of L23-Cu in the EELS spectrum is formally identical to metallic copper's [START_REF] Leapman | Study of the L23 edges in the 3d transition metals and their oxides by electron-energy-loss spectroscopy with comparisons to theory[END_REF][START_REF] Ewels | A Complete Overhaul of the Electron Energy-Loss Spectroscopy and X-Ray Absorption Spectroscopy Database: eelsdb[END_REF][START_REF] Hofer | New examples for near-edge fine structures in electron energy loss spectroscopy[END_REF]. The near-edge structure of L3-Zn in the EELS spectrum (Fig. 5b) exhibits the same features as those of zinc oxide. Finally, EDXS line scanning profiles along Cu@ZnO core-shell nanoparticles are provided as supplemental material 1.

Second, images made by Energy-Filtered Transmission Electron Microscopy (EFTEM) of a large Cu2O@ZnO NP (Figs. 6a to 6d) stress the possible presence of defects in the structure of the shell. The circled area (Fig. 6a) shows nanopores in the zinc shell. The diffraction pattern (Figs. 7b and7c) corresponding to this core-shell object (Fig. 7a) indicates the presence of Cu2O and ZnO. This time, copper is partly oxidized under the form of cuprous oxide. The fact that it is not fully oxidized in air, contrary to Cu nanoparticles that are transformed into CuO when no zinc is present -see Fig. 1a -is presumably due to the imperfect coverage by the ZnO shell that limits oxygen penetration into the NP core.

Protection provided by the zinc shell is patently less efficient as in the former case. Indeed, when a large nanoparticle is observed, the zinc shell is found to be non-uniform. Its thickness varies, as might be expected, from the side where the copper NP hits the zinc sheet to the opposite side, where the contact with zinc is very limited, if not non-existent. There, the zinc shell is not continuous and exhibits open pores (see the circled region in Fig. 7a). When oxidation occurs, we presume that copper gets oxidized till ZnO seals the pores thanks to its molar volume (14.52 cm 3 mol -1 ) which is one and a half time as big as zinc (9.16 cm 3 mol -1 ). Thus, Cu2O is formed instead of CuO. A schematic of the synthesis mechanisms for the synthesis of core-shell NPs is proposed in Fig. 8. Syntheses are reproducible with a satisfactory level, leading to very similar features as far as we could evaluate it by TEM analyses. Core-shell nanostructures did not exhibit any ageing effects after exposure to air and moisture for several weeks.

Time-resolved optical emission spectroscopy

Time-resolved optical emission spectroscopy was used to better understand how these coreshell NPs were synthesized. In Fig. 9a, time-resolved optical emission spectra of discharges between zinc electrodes, immersed in liquid nitrogen loaded in copper, are depicted. Copper loading is achieved by running ~18,000 discharges (30 min at 10 Hz) with the copper electrodes and by replacing them by zinc electrodes, as done in the two-step synthesis process of Cu@Zn core-shell NPs. We observe an intense background emission followed by the emergence of zinc emission lines when the medium cools down and becomes optically thin.

The intensity of the background emission is not given in Fig. 10a, but from raw data, we know it is the highest intensity observed during the process (in our condition, it reaches 55,000 counts at the wavelength at which the grating is blazed, i.e. 500 nm, after 150 ns, versus a tenth of this value for the zinc transition at 481.05 nm after 500 ns). The lack of copper lines, even though copper nanoparticles are present in liquid nitrogen, is likely due to the hindrance of an inward flux from the liquid phase by the huge pressure exerted from the core of the spark discharge outwards. The presence of intense background emission (mainly due to electron-ion recombination after [START_REF] Hamdan | Comparison of Aluminium Nanostructures Created by Discharges in Various Dielectric Liquids[END_REF]) at the beginning of the process masks most the lines that pop up in the spectrum after 200-250 ns typically. In Fig. 9b, time-resolved optical emission spectra of discharges between copper electrodes immersed in liquid nitrogen loaded in zinc (~18,000 discharges) are depicted. As explained previously, because of the very limited background emission, lines appear immediately. The most surprising result is the presence of N II lines (i.e. emitted by excited N + states) at short times, from 0 to 250 ns, without any simultaneous emission of N I or N2 I lines. The most intense atomic lines of nitrogen are known to be in the NIR spectral region [START_REF] Northway | Atomic nitrogen spectra in the argon inductively coupled plasma (ICP)[END_REF]. Data recorded from 650 nm and 800 nm show only a very weak broad line (between 100 and 300 ns) centred at ~745 nm, which is more likely due to the N II transition expected at 745.095 nm. New experiments would be necessary to investigate possible N I transitions beyond 800 nm.. Here again, we notice that no line of the metal which liquid nitrogen is loaded with, i.e. zinc in this case, is detected. The same argument, i.e. the expansion of the plasma that would limit the influx of zinc, can be put forward to explain this behaviour. Copper lines are observed after 200 ns. A detailed analysis of all transitions observed is given as supplemental material 2.

N II lines are observed in highly-energetic discharges like lightening events or high current pulsed arcs [START_REF] Orville | A high-speed time-resolved spectrscopic study of the lightning return stroke: Part II. A quantitative analysis[END_REF][START_REF] Martins | Characterization of a high current pulsed arc using optical emission spectroscopy[END_REF]. Indeed, producing N +* excited states requires at least 24.296 eV [START_REF] Locht | The dissociative ionization of nitrogen[END_REF], which is the energy necessary for dissociative ionization of N2 by electron collision. However, this value is probably overestimated in media where pressure can reach several thousand bars.

Indeed, the lowering of the ionization energy can be significant, leading to much lower values. As neither N I nor N2 I transitions are observed, we infer that these states are weakly populated and/or trapped in this optically thick medium. This observation might also result from a low concentration of one metal element with respect to the other.

The weak background emission observed in this situation suggests that the electron-ion recombination process is limited, which might be due either to a lower concentration of charged species or to an increase in the electron temperature as the cross-section of this process is favoured at low energy.

Since zinc NPs exhibit a specific sheet-like shape, we wondered whether this feature could play a role on the behaviour of discharges. Then, we used brass (63wt.%Cu-37wt.%Zn) electrodes instead of zinc electrodes during the first step of the process. In this case, and in order to keep the size of this paper reasonable, we will admit that spherical Cu and Zn primary NPs with size distributions below 10 nm are synthesized. The almost perfect overlap of spectra recorded when zinc or brass electrodes (Fig. 10) are used shows the non-influence of the shape of Zn NPs. It also shows that copper NPs do not interfere in the excitation process of N II lines.

In any situation (Zn@Cu or Cu@Zn), Cu and Zn lines are never observed simultaneously.

The metal-containing discharge made by erosion of the electrodes remains clear of metallic

NPs initially contained in the dielectric liquid. This means that the synthesis of core-shell NPs occurs in post-discharge. Two steps are then required: one to produce NPs in discharge and one to coat them in post-discharge. Until now, no information is available on the way the transition from one step to the other occurs. New experiments are needed to better understand this transition.

CONCLUSION

We showed that Cu@Zn core-shell NPs are synthesized by a two-step process, whichever step is processed first. Nevertheless, the zinc shell has not the same feature, which gives, after air oxidation, either Cu@ZnO or Cu2O@ZnO nanostructures. This possibility is mainly due to the formation of zinc nanosheets, an uncommon shape in this kind of process that usually produces spherical nanoparticles, like for copper. The formation mechanism of these 2D nanostructures is a major stake and it is still under investigation to be fully clarified. From time-resolved optical emission spectroscopy, we found out that copper and zinc never emit lines at the same time. No alloying is then possible in these conditions. That is why core-shell structures are found. When liquid nitrogen is loaded with Cu NPs, only zinc lines are emitted.

On the other hand, when liquid nitrogen is loaded with Zn nanosheets or NPs, N II lines are emitted during the first 200 ns before copper lines become visible. This process is observed here for the first time and remains unclear but it might be useful to better understand processes in dielectric liquids submitted to high voltages. Electron Energy Loss Spectroscopy near-edge fine structures for the Zn L23. Reference spectra for CuO, Cu2O, Cu are taken in [START_REF] Hamdan | Impacts created on various materials by micro-discharges in heptane: Influence of the dissipated charge[END_REF] whereas reference spectra for Zn and ZnO are taken in [START_REF] Hamdan | Comparison of Aluminium Nanostructures Created by Discharges in Various Dielectric Liquids[END_REF] and [START_REF] Leapman | Study of the L23 edges in the 3d transition metals and their oxides by electron-energy-loss spectroscopy with comparisons to theory[END_REF] respectively. [START_REF] Hamdan | Impacts created on various materials by micro-discharges in heptane: Influence of the dissipated charge[END_REF] whereas reference spectra for Zn and ZnO are taken in [START_REF] Hamdan | Comparison of Aluminium Nanostructures Created by Discharges in Various Dielectric Liquids[END_REF] and [START_REF] Leapman | Study of the L23 edges in the 3d transition metals and their oxides by electron-energy-loss spectroscopy with comparisons to theory[END_REF] respectively. 
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SUPPLEMENTAL MATERIAL 1

Supplemental Material 1: EDXS line scanning profiles along two Cu@ZnO core-shell nanoparticles synthesized by starting with zinc electrodes. Supplemental Material 2: Optical emission spectrum recorded at 200 ns of discharges between copper electrodes immersed in liquid nitrogen loaded in zinc (18,000 discharges).

Only N II lines and Cu I lines are detected. No Zn I lines are found. Integration time: 50 ns.

The spectrum is normalized in intensity.