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Synthesis of tin nanocrystals in room temperature ionic liquids

The aim of this work was to investigate the synthesis of tin nanoparticles (NPs) or tin/carbon composite, in room temperature ionic liquids (RTILs), that could be used as structured anode materials for Li-ion batteries. An innovative route for the synthesis of Sn nanoparticles in such media was successfully developed. Compositions, structures, sizes and morphologies of NPs were characterized using high-energy X-ray diffraction (HEXRD), X-ray photoelectron spectroscopy (XPS) and high-resolution transmission electron microscopy (HRTEM). Our findings indicated that i) metallic tetragonal β-Sn was obtained and ii) the particles size could be tailored by tuning the nature of the RTILs, leading to nano-sized spherical particles with diameter ranging from 3 to 10 nm depending on synthesis conditions. In order to investigate carbon composite materials for Li-ions batteries, Sn nanoparticles were successfully deposited on the surface of multi-wall carbon nanotubes (MWCNT). Moreover, electrochemical properties have been studied in links with structural study of the nanocomposites. The poor electrochemical performances as negative electrode in Li-ion battery is due to a significant amount of RTIL trapped within the pores of the nanotubes as revealed by XPS investigations. This dramatically affected the gravimetric capacity of the composites and limited the diffusion of lithium. The findings of this work, however offer valuable insights into the exciting possibilities for synthesis of novel nano-sized particles and/or alloys (e.g. Sn-Cu, Sn-Co, Sn-Ni…) and the importance of carbon morphology in metal pulverization during alloying/dealloying process as well as prevention of ionic liquid trapping.

Introduction

Tackling issues related to the environmental and energy stewardship has become of late a very significant challenge for the electrochemical community. Over the past decade, a tremendous effort has been undertaken to design, synthesize and optimize new electrode materials that could be suitable for use in next-generation energy storage devices, e.g. Li-ion batteries [1][2][3][4][5][6][7] . Owing to their exceptionally high theoretical capacity (993 mAh g -1 vs. 372 mAh g -1 for commercial graphite electrodes), Sn-based compounds were identified as very promising candidates for anode materials [8][9][10][11][12][13][14][15][16] . Unfortunately, due to detrimental volume change during charge/discharge cycles, that induces high mechanical stress leading to electrode failure, technological applicability of these materials is highly limited 8 . It is strongly believed that reducing the size of Sn particles to the nanoscale and carefull mixing with an inert element regarding Li alloying/dealloying reactions will allow to overcome this issue 5,10,11,14 . Because of the incredible potential of tin and tin oxides, these metal compounds have been widely studied. However, regarding nanoparticles synthesis 17 , the literature devoted for tin derivatives prefers by far physical preparation techniques (chemical vapor deposition, laser ablation, sputtering…) to chemical ones 18 . In the early 2000's, Nayral et al. demonstrated the possibility of obtaining Sn nanoparticles (NPs) with diameter of around 20 nm by thermal decomposition of [[Sn(NMe 2 ) 2 ] 2 ] in anisole 18 . Later, Wang et al. reported synthesis of tin nano-objects with size ranging from 3.5 to 19 nm under varying experimental conditions 19 . In their study a Phen(SnCl 4 ) compound is chemically reduced by NaBH 4 . Recently, Caballero et al. proved that it was possible to prevent tin agglomeration by using cellulose fibers during SnCl 4 reduction by KBH 4 20 . Particles of around 20-30 nm were obtained using these techniques. NPs exhibiting almost identical sizes were also obtained by the reduction of tin acetate with NaBH 4 . Kwon et al. investigated the influence of three capping agents (hydrobenzamide, trisodium citrate and polyvinyl pyrrolidone) on the properties of synthesized nanoparticles 21 . Chee et al. studied the influence of metallic precursor (tin acetate, tin chloride, tin sulfate and tin ethylhexanoate) on the morphologies and size of NPs 22 . Finally, Kravchyk et al. recently demonstrated that it was possible to prepare stable colloidal suspensions of monodispersed tin nanocrystals with size varying from 9 to 23 nm 23 . Synthesis was performed in organic media (oleylamine, THF) at the temperature of about 200 °C, where oleylamine served as both, solvent and stabilizing agent. Tin/carbon synthesis has also been studied and reported in the literature due to its possible application as anode material for Li-ion battery, e.g. work by Billaud and coworkers, who reported on Sn/graphite composite synthesis 13,[24][25][26] . SnCl 2 and/or SnCl 4 were reduced in the presence of a carbon source (e.g. KC8) in THF. The reported sizes of the tin nanoparticles varied between 10 and 40 nm. Zhang et al. demonstrated that carbon nanotubes could be selectively decorated with tin nanoparticles deposited inside or outside of the carbon structure 27 . In this case SnCl 2 was reduced by NaBH 4 in ethanol in the presence of nanotubes. Hassoun et al. investigated the behavior of a Sn/carbon composite prepared by calcination 11 . Very recently, Bresser et al. also reported preparation of tin/carbon composite using annealing process 14 . All the aforementioned techniques resulted in the formation of nanoparticles of desired properties (structure, size, etc.) but none of them was without the room for improvement. For example, the use of organic solvents can be very detrimental to health and poses environment hazards and should be avoided if possible. In some cases high temperature processes are needed. Capping agents, used to prevent particle aggregation, could be very difficult to remove without alteration of tin nanoparticles size and/or structure and may consequently have a negative effect on the electrochemical performances of Sn-based materials. Moreover, the undesirable formation of tin oxides was observed in nearly all instances. Finally, the reported size of Sn NPs in most cases is larger than 10 nm, where smaller particles would be highly beneficial in many applications. Very interestingly, room temperature ionic liquids (RTILs) are promising solvents that should permit to overcome all these issues. Indeed, RTILs (salts composed of organic cations and inorganic or organic anions) are very convenient media to prepare metallic nanoparticles (NPs) [28][29][30][START_REF] Mudring | Ionic Liquids: From Knowledge to Application[END_REF][32][33][34][35][36][37] . Due to their unique properties, RTILs act not only as good solvents for metallic salts but also as stabilizing agents. They prevent aggregation of freshly synthesized nanoparticles by surrounding them and forming a so-called protective electrosteric layer. Despite its attractiveness, synthesis of nanoparticles in ionic liquid is still in its early stage and most of the reported studies deal with noble metal (Au, Pt, Ir, Ru, Pd…) preparation applied to catalysis 32 . Among the techniques used to prepare NPs 17 , electrodeposition, thermal decomposition, laser ablation, sputtering and chemical reduction are those compatible with the use of ionic liquid. For chemical reduction, in many cases a metal precursor is reduced under pressure by molecular hydrogen 32 . On the other hand, studies using standard chemical reducers that are commonly used for NPs synthesis in aqueous and/or organic media (e.g. sodium borohydride, hydrazine or trisodium citrate) are scarcer 29,30,[38][39][40][41][42][43][44][45][46] . We report herein an original study investigating formation of Sn NPs through synthesis in several ionic liquids. The purposes of this work can be summarized as follows: (i) to determine experimental conditions leading to the formation of tin nanoparticles; (ii) to investigate the influence of the nature of anions and cations of the RTIL and/or parameters that define the experimental environment on the morphology and size of the nanoparticles; (iii) to synthesize new tin/carbon composite and (iv) to investigate the electrochemical performances of the tin NPs or tin/carbon composite as a structured anode materials for Li-ion batteries.

Experimental Chemicals

All chemicals used (excepted acetone) are stored in a glove box under argon atmosphere. Anhydrous tin(II) chloride ((SnCl 2 ), Alfa Aesar, 98%), sodium borohydride ((NaBH 4 ), Sigma Aldrich, > 98%) methanol (VWR, 99.8%), acetone (VWR, technical grade), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) (EMIm NTf 2 ), 1-butyl-1methylpyrrolidinium bis(trifluoromethylsulfonyl)imide) (BMP NTf 2 ), 1-ethyl-3-methylimidazolium dicyanamide (EMIm DCA) and 1-Butyl-1-methylpyrrolidinium dicyanamide (BMP DCA) (Solvionic, 99.5%) were used "as received" without additional purification.

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) (BMIm NTf 2 ), 1-Dodecyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide) (C 12 MIm

NTf 2 ), 1-Butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide) (BDMIm NTf 2 ), 1-Butyl-3methylimidazolium tetrafluoroborate (BMIm BF 4 ) and 1-Decyl-3-methylimidazolium Bromide (C 10 MIm Br) were synthesized in the laboratory [47][48][49][50][51][52] . The water content of ionic liquid was determined using standard Karl-Fischer method (coulometric titrator titroline KF trace, Schott instruments) and was always inferior to 500 ppm. This value of 500 ppm was arbitrarily chosen as a reference because it corresponds to that given by Solvionic (our supplier for commercial RTILs) for their ionic liquids packed under argon. For the tin/carbon composite, multi wall carbon nanotubes (MWCNTs) were used. Multiwalled carbon nanotubes (CCVD, Groupement de Recherches de Lacq, Arkema) with a carbon purity of more than 90 wt% were oxidized by using nitric acid. In particular, 2 g of MWCNTs were stirred in 60 mL of a 10 M HNO 3 aqueous solution at 80°C during 4 hours. After oxidation the material was extensively washed in water. Finally it was dried overnight at 120°C. For electrochemical testing LP30 electrolyte (1 M LiPF 6 in ethylene carbonate: dimethyl carbonate EC:DMC (1:1) solution) (Merck), acetylene black and polyvinylidene difluoride (PVDF) were used as received.

Synthesis of Sn nanoparticles in pure ionic liquids

NPs were prepared by chemical reduction method in ionic liquid using a procedure derived from an existing method of synthesis of metallic nanoparticles in organic solvent 17,[43][44][45] . In this process tin(II) and chloride (SnCl 2 ), sodium borohydride (NaBH 4 ) were used as metallic precursor and reducing agent, respectively, whereas ionic liquid itself acted as the stabilizing agent. In order to avoid oxygen and moisture contamination, all experiments were performed in a glove box under an argon atmosphere. In a typical experiment, 7.6 mg of anhydrous SnCl 2 were dissolved in 1 ml of ionic liquid (solution A). At the same time, 15.2 mg of NaBH 4 were dissolved in 1 ml of the same ionic liquid (solution B). Pillboxes (A and B) were carefully sealed and underwent an ultrasonic treatment for 1 hour. Then, the two solutions were stirred (500 RPM) for 16 h 30 . Finally, solution B was quickly added to solution A (still under stirring) leading to the immediate formation of a deep black solution indicating that nanoparticles were formed. Stirring was maintained for 6 h, after what solution was stored into the glove box.

Nanoparticles isolation

Sn nanoparticles were isolated by centrifugation (3500 RPM) until the ionic liquid supernatant was clear. According to synthesis conditions (e.g. tin concentration, volume, nature of ionic liquid) this stage used to take 40 minutes but it could last longer (several hours). Then Sn nanoparticles were rinsed with acetone and were isolated by centrifugation (3500 RPM) for 5 min (four times). Finally, a last rinsing was performed followed by centrifugation at 10000 RPM for 5 min whereupon tin nanoparticles were dried under vacuum overnight. Sn nanoparticles under solid form can be easily dispersed in methanol without altering their initial properties.

Nanoparticles characterizations

Sizes, size dispersions and morphologies of synthesized nanoparticles were observed by transmission electron microscopy (TEM) using a JEOL 1011 microscope at an accelerating voltage of 100 kV. High-resolution TEM (HRTEM) images were obtained with an HRTEM JEOL 2010 operating at an acceleration voltage of 200 kV (LaB 6 ). Same grids were used for both microscopes. To prepare samples for TEM and HRTEM, 100 µl of the NPs suspension (in RTIL) had first to be diluted in 2 ml of methanol under stirring (90 min, 500 RPM). Prior to this dilution, NPs suspension in RTIL was homogenized by stirring for 30 min. Finally, a drop of the alcoholic solution containing Sn nanoparticles was carefully placed on a carbon coated copper grid. Total scattering measurements (~0.1458 Å) were performed at the Advanced Photon Source (Argonne National Laboratory) 53,54 . Diffraction images were integrated within fit2D data analysis program to obtain the one-dimensional diffraction data. Pair distribution functions (PDF), G(r), were extracted from the data using PDFgetX2 software 55 . Refinement of the PDF data was performed using the PDFgui software 56 . The chemical composition of the surface was analyzed by x-ray photoelectron spectroscopy (XPS) on powders of the materials with a VG ESCALAB 250 spectrometer using an Al Kα monochromatic source (15 kV, 15 mA) and a multidetection analyzer, under 10 -8 Pa residual pressure.

Electrochemical testing

Electrodes were prepared using 80 wt.% active material, 10 wt.% acetylene black as the conductive agent, and 10 wt.% polyvinylidene difluoride (PVDF) as the binder. Active material included Sn/carbon composite (80/20 wt.%). Swagelok cells were assembled in a glove box under argon atmosphere.

Copper, lithium and LP30 solution (see chemicals) were used as the current collector, the negative electrode and the electrolyte, respectively. The galvanostatic charge-discharge curves were performed at room temperature using a potentiostat/galvanostat (VMP3 BioLogic Science Instrument) in the potential range: 0.05-2.0 V.

Results and discussion

Synthesis of nanoparticles

Figure 1 summarizes nine combinations of cations and anions that were investigated for Sn nanoparticles synthesis. These ionic liquids were chosen in order to compare the influence of their physico-chemical properties (hydrophobicity, volume and size of their constituting ions, viscosity…) on the shapes, morphologies and sizes of formed nanoparticles. A first observation is that the nature of the ionic liquid plays a major role during the synthesis. Indeed, despite a high ability to dissolve SnCl 2 , ionic liquids composed of DCA -anions did not allow the formation of tin nanoparticles. In fact the coordination ability of this anion is too high and prevents the reduction of tin chloride by sodium borohydride which is nevertheless considered as a strong reducing agent (compare to trisodium citrate or H 2 for example). This conclusion is comforted by electrochemical studies carried out in our laboratory which demonstrated that a more negative potential was required to reduce Sn 2+ ions on a conductive substrate using this DCA -ionic liquid. It can also be noticed that Sn 2+ ions were not reduced either using C 10 MIm Br and thus NPs were never formed with this ionic liquid. Finally, Fig. 1 indicates that particles cannot be formed using BDMIm cation with NTf 2 -anion. Even if mechanisms for the syntheses of nanoparticles in ionic liquids are still unclear, it has been postulated in the literature that carbene intermediates should likely be involved in the reaction process when imidazolium cations are used 35,37 . Our findings are relevant with this hypothesis. Indeed, if carbon in position 2 of the imidazolium ring is blocked by the presence of a methyl group then no carbene intermediate can be formed and consequently no nanoparticle can be synthesized. Fig. 1 also shows that all the other attempts using imidazolium-based ionic liquid with labile hydrogen in position C 2 were successful, comforting the hypothesis of a carbene intermediate. However, syntheses with C x MIm NTf 2 (x = 2, 4 or 12), BMP NTf 2 and BMIm BF 4 led to the formation of tin nanoparticles. 

Characterisations of nanoparticles

Atomic structure of as prepared compounds was investigated using the total scattering method. Fourier transformation of diffraction data (Inset Fig. 2) yielded the pair distribution function, G(r) [START_REF]Underneath the Bragg Peaks: Structural Analysis of Complex Materials[END_REF] . PDF provided an accurate atomic structural resolution by using both Bragg and diffuse intensities thus probing structural features independently of the crystalline nature of the sample. The obtained PDF data representing an histogram of all the atom-atom distances within a sample was refined using tetragonal metallic tin (SG: I4 1 /amd) as structural model. The result displayed in figure 2 showed a good agreement between the model and the experimental data with a good reliability factor R w of 21%. The extracted unit cell parameters, a = 5.829(1) and b = 3.185(1) Å, agreed well with literature data. This confirmed the stabilization of metallic tin. The absence of features in the residual curve indicated a priori, the absence of impurities at least related to tin. TEM images presented on figure 3 showed the isolation of nanoparticles exhibiting a mean diameter of around 7 nm which are quite homogeneous in size. High Resolution TEM revealed that the nanoparticles are highly crystalline (Fig 3d). This is in good agreement with PDF analysis which showed defined features up to 5 nm. Careful observations also revealed that some particles (Fig. 3b) and 3d) are surrounded by a thin external layer of approximately 2 nm. This observation can be correlated with the PDF features located at low r-region, which might indicate the residual presence of organic compounds (from precursors and/or ionic liquid) at the surface. It should be noted that even if PDF showed that Sn nanoparticles were prepared in a single phase, it cannot fully excluded the presence of a thin layer of Sn oxide. Nevertheless, it is assumed that this layer is rather made of compounds such as NaCl issued from the reactants, SnCl 2 and NaBH 4 and/or of ionic liquid solvent which may both strongly interact with nanoparticles during synthesis and that are difficult to remove from the surface of the nanoparticles. Nevertheless, very well defined individual nanoparticles that seem to be spherical and well organized were also observed. Fig. 3d shows nanoparticles exhibiting a mean diameter of around 7 nm which are quite homogeneous in size with high crystallinity.

Influence of water during synthesis

Figure 4 shows representative TEM images of tin nanoparticles synthesized in the hydrophobic EMIm NTf 2 ionic liquid. When a dry ionic liquid (i.e. water content < 500 ppm) was used nice individual nanoparticles are observed (Fig. 4a and4c). Contrariwise, when a very small amount of water is added to the same ionic liquid in order to reach 5000 ppm, tin nanoparticles synthesis was dramatically affected (Fig. 4b and4d). Consequently, large aggregates were formed very likely because water inhibits the capping properties of ionic liquid toward tin's surface. This observation was confirmed performing a synthesis using a water/ionic liquid mixture (50/50 v/v%). In this latter case, SnCl 2 was dissolved in pure hydrophobic ionic liquid (EMIm NTf 2 ) and NaBH 4 in water. When the two solutions were mixed together, Sn 2+ were reduced but growth of nanoparticles was never stopped leading to the formation of a big (4 µm large) "pebble" of tin. Figure 4 illustrates well the absolute necessity to control the experimental conditions. As a consequence of these early observations, all syntheses were performed into a glove box under argon atmosphere. When ionic liquids were synthesized in our laboratory, then they were dried using a lyophilizer till a value inferior to 500 ppm was reached. 

Evolution of nanoparticles with time

Figure 5 shows TEM images of three grids corresponding to solution aged for 6 hours, 2 and 9 days after the synthesis (i.e. time 0 when solution B was added to solution A). In all cases, individual nanoparticles of around 7 nm were obtained meaning that nanoparticles were stable during at least 9 days. Ionic liquid prevented growth of nanoparticles [START_REF] Mudring | Ionic Liquids: From Knowledge to Application[END_REF] . It is important to remind here, that the purpose of this work was to develop new nanostructured anode materials for lithium ion batteries and thus a longer "colloidal" stability was not required. In order to be reproducible when samples were compared, it was decided, for the following experiments, to prepare TEM grids 2 days after the synthesis. 

Influence of ionic liquid used for Sn nanoparticles synthesis

As it has already been discussed above (Fig. 1) nanoparticles synthesis is strongly affected by the ionic liquid that acts both as solvent and stabilizing agent [START_REF] Mudring | Ionic Liquids: From Knowledge to Application[END_REF]32 . Huge advantages of ionic liquid are their tunability and the infinite number of anion/cation combinations that can be chosen. It was thus decided to investigate the influence of several ionic liquid exhibiting very different properties (hydrophobicity, viscosity, size of constituting ions, amount of polar/non polar domains…) on the synthesized nanoparticles. It is now widely accepted in literature that ionic liquids and especially imidazolium-based ionic liquids consist in organized structures (3D arrangement) rather than isolated anions and cations [START_REF] Mudring | Ionic Liquids: From Knowledge to Application[END_REF]32,[START_REF] Pádua | [END_REF]59 . As a consequence, media is not homogeneous and polar and nonpolar nano-regions are present. Several examples in the literature demonstrated that ionic precursors dissolved in the polar domains whereas neutral precursors would prefer non polar domains 60,61 . By varying the length of the alkyl chain of the imidazolium it was possible to change the amount of polar/non-polar nano-domains, a longer chain increasing proportion of non-polar region 59,62,63 . In a first experiment, influence of the alkyl chain lenght of three 1-Alkyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide, C x MIm NTf 2, x = 2, 4 and 12) was investigated. Figure 6 shows size distributions of three representative samples for which Sn nanoparticles were synthesized in EMIm NTf 2, BMIm NTf 2, and C 12 MIm NTf 2 . Sn nanoparticles of 6.8, 7.3 and 7.0 nm were respectively observed by TEM. Size of the nanoparticles was not affected by the length of the alkyl chain of the imidazolium cation indicating, as expected, tin metallic precursor (SnCl 2 ) being "ionic", that it dissolved preferentially in polar regions 60,61 . This conclusion is in good agreement with conclusions of studies dealing with Ir and Ru NPs syntheses using H 2 under reduced pressure as the reducing agent for several ionic and neutral metallic precursors 60,61 . It can also be noticed on figure 6 that more particles were present on the TEM grid as the number of carbons in the chain decreased. This can be explained by the fact that dissolution of tin salts was better in EMIm NTf 2 than in BMIm NTf 2 and C 12 MIm NTf 2 . Indeed volume of polar domains increases when alkyl chain length decreases. Volume of the polar domain of an ionic liquid can be change varying the size of the anion 32 . As mentioned on Fig. 1, DCA - and Br -anions did not allow to form nanoparticles. Tin syntheses with BF 4 -and NTf 2 -anions were compared using the same (BMIm) imidazolium cation. It can be noticed that size of nanoparticles was strongly affected by the nature of the anion (Fig. 7). When BF 4 -anion (V = 53 cm 3 mol -1 ) was used nanoparticles of 3.6 nm were obtained whereas their size increased to 7.3 nm with NTf 2 -anion (V = 159 cm 3 mol -1 ) [64][65][66][67] . Ratio of molecular volumes of anions is 3 and this of nanoparticles sizes is around 8 (assuming that NPs are spheres and considering their volumes) indicating that the relationship between the two parameters was not linear. In case of BF 4 anions, growth limitation of nanoparticles could result from higher viscosity and/or be a consequence of stronger interaction between smaller anions (compare to NTf 2 ) and tin clusters. However, it was obvious that, using our experimental conditions, size of nanoparticles increased with the molecular volume of the anion (or anion aggregates considering that ionic liquid are 3D organized structures). From this conclusion, it can reasonably be assumed that nanoparticles are positively charged and that the first stabilization layer consists of anionic species 68 . This confirms the role of passivating agent of the ionic liquid. Pyrrolidinium-based ionic liquid are very interesting for electrochemical applications 3 . In that way, Sn nanoparticles synthesis was also investigated in BMP NTf 2 . Figure 8 shows very nice individual nanoparticles which seems to be a little bit more faceted (nearly cubic for some of them) than when imidazolium-based ionic liquid was used. Analysis of several TEM images revealed that mean diameter of formed nanoparticles was 8.6 nm (std dev = 1.5 nm) which was higher than the size (7.3 nm) obtained with imidazolium-based ionic liquid (BMIm NTf 2 ). Moreover, synthesis with pyrrolidinium cation led to the formation of tin nanoparticles with narrow size distribution ranging from 6 to 12 nm. One could notice that ILs composed of BMP cation produced relatively monodisperse particles being different from the cases using ILs containing imidazolium cation as a component. Mechanisms for the syntheses of nanoparticles in ionic liquids are still unclear. However, it has been postulated in the literature that carbene intermediates should likely be involved in the reaction process when imidazolium cations are used whereas this is not the case for pyrrolidinium cations 35,37 . These different formation pathways very likely influence dispersion of tin nanoparticles. 

Preparation of a tin/carbon composite

Tin cannot be practically used alone as an electrode material for a lithium battery electrode 8 . In that way carbonaceous compounds are mixed with tin to ensure electrical conductivity and above all mechanical stability of the electrode 14 . In order to synthesize a tin/carbon composite, multi-wall carbon nanotubes (MWCNTs) were added to solution A which also contained tin chloride precursor before adding NaBH 4 reducer (solution B). TEM analysis (Fig. 9) revealed that Sn nanoparticles could be successfully deposited on the MWCNTs surface. 

Characterization of tin/carbon composite

In order to determine the chemical composition of this composite XPS analyses were carried out. At this point, it is important to remind that a complex composite (see experimental part) is analyzed and that following observation and conclusions cannot be transposed for single tin nanoparticles presented earlier in this study (Figs. 3 to 8). Sn/MWCNTs composite obtained at a rate of C/20 (i.e. discharge/charge in 20 hours) are shown in Figure 11. The first discharge showed that the composite is electrochemically active leading to a final capacity of 450 mAh/g. Nevertheless, this value is well below the expected theoretical capacity. Thereafter, the first charge capacity dropped to around 150 mAh/g showing that a significant amount of lithium remains trapped within the electrode. The poor performances (capacity and cyclability) can be assigned to the presence of residual impurities coming from the synthesis particularly the occurrence of ionic liquid trapped inside the pores of the nanotubes. To summarize, preliminary electrochemical characterization showed that the residual impurities significantly impact the reactivity of the composite vs. lithium. For instance, the calculation of the first discharge capacity (450 mAh/g) was done in considering the total mass of the electrode material, i.e. including inert constituents having no electrochemical activity vs. Li + insertion/extraction (notably ionic liquid, MWNT). Consequently, the data deduced from Fig. 11 are underestimated and larger values should be obtained in considering only the mass of Sn. Therefore, efforts should focus on the material purification. Moreover, we could expect to have better performances by using smaller carbonaceous source such as SWNT to avoid trapping of the ionic liquid within the carbon matrix. Finally, due to the use of nano-scaled compounds, the shape of C/Sn-nano composites as well as the quality of the carbonaceous coating should have a significant impact on the electrochemical performances of the battery. Indeed, as reported above, such a coating ensures electrical conductivity and above all mechanical stability of the electrode. The major aim of this work was to develop a new experimental setup allowing the synthesis of metallic tin nanoparticles that can be used as structured anode in a lithium-ion battery 5 . To the best of our knowledge this is the first time that tin nanoparticles synthesis was achieved in ionic liquid. This original study opens many possibilities to move toward Sn-M (M = Ni, Cu, Co...) nano-alloys synthesis using a simple chemical reduction method. Our findings indicated that the size of Sn particles could be tailored by tuning the nature of the RTILs, leading to nano-sized spherical particles ranging from 3 to 10 nm. Moreover, Sn nanoparticles could be successfully deposited on the MWCNTs surface. Future works build on this report should aim to find more appropriate carbon morphology that will prevent the trapping of ionic liquid in order to enhance electrochemical properties targeting a battery application. This study also highlighted the importance to control experimental setup during all stages of the process (i.e. from the early preparation of the synthesis to the fabrication of a composite electrode). This work also brought into the light that rinsing and isolation of nanoparticles were very challenging tasks. Indeed, protocols had to avoid metal oxidation and aggregation and thus almost forbad the use of water or thermal treatment for example. Moreover, rinsing solvent should be compatible with the ionic liquid involving difficulties to harmonize the procedure as solubility in solvents differed from a given RTIL to another.

Conclusion

An innovative route for the synthesis of Sn nanoparticles in RTILs was successfully developed. To the best of our knowledge, this is the first time that such a modus operandi was successfully elaborated to obtain nano-sized tin using ionic liquids. RTIL acted as solvent and capping agent for the synthesis of Sn nanoparticles. High energy x-ray diffraction analyses seemed to indicate that the tetragonal (β-Sn) phase was pure and consequently that only metallic tin was formed. However, TEM images showed the presence of an external layer surrounding some of the nanoparticles. The composition of this layer remains unclear at this time. It was very likely that this layer was composed of organic compounds from solvent (ionic liquid) and/or precursors (NaBH 4 and SnCl 2 ). Using our experimental conditions, size of the nanoparticles was independent (or at least no significantly affected as regards the targeted application) of the nature of the cation whereas smaller was the anion smaller were the nanoparticles. Thus, nanoobjects ranging from 3 to 10 nm could be obtained with relative homogeneous size dispersion. Moreover, syntheses had to be carried out with dry ionic liquid in a glove box under argon atmosphere to prevent aggregation phenomenon. The nanoparticles formed in this work could be used to replace graphite as an anode in a Li-ion battery and a Sn/carbon composite was tested. Tin nanoparticles can be successfully deposited on the surface of nanotubes. Nevertheless, it was found that MWCNTs morphology was not appropriate. Indeed, a significant amount of RTIL was trapped within the pores of the nanotubes, lowering the gravimetric capacity and limiting the diffusion of lithium. More appropriate carbon morphology should prevent the trapping of ionic liquid and thus enhanced electrochemical properties could be expected. 

Fig. 1

 1 Fig.1Scheme of the nine combinations of cations and anions that were investigated for Sn nanoparticles synthesis. Anions (purple) were associated to imidazolium (blue) or pyrrolidinium (green) cations. Underlined cation means that ionic liquid was synthesized in our laboratory, else they are commercial ones.

Fig. 2

 2 Fig.2Experimental (black) and calculated (red) pair distribution functions (PDF) obtained from high-energy x-ray scattering data (Inset) for tin nanoparticles synthesized in EMIm NTf2. Difference between experiment and calculation is also shown (blue). Reliability factor Rw was found to be 21%.

Fig. 3

 3 Fig. 3 TEM (a-b) and HRTEM (c-d) images of Sn nanoparticles synthesized in EMIm NTf2.

Fig. 4

 4 Fig. 4 TEM images of Sn nanoparticles synthesized in: a) and c) "dry" EMIm NTf2 and b) and d) EMIm NTf2 + 5000 ppm H2O.

Fig 5

 5 Fig 5 TEM images of Sn nanoparticles synthesized in EMIm NTf2. Grids prepared: a) 6 hours, b) 2 days and c) 9 days after the synthesis.

Fig 6

 6 Fig 6 Size distributions from TEM observations of tin nanoparticles synthesized in a) EMIm NTf2, b) BMIm NTf2 and c) C12MIm NTf2.

Fig. 7

 7 Fig. 7 TEM images of Sn nanoparticles synthesized in a) BMIm NTf2 and b) BMIm BF4. c) and d) size distributions for the two samples a) and b) respectively.

Fig. 8

 8 Fig. 8 TEM image of Sn nanoparticles synthesized in BMP NTf2.

Fig. 9

 9 Fig. 9 TEM images of Sn nanoparticles synthesized in the presence of MWCNTs in BMP NTf2 (a and b are pictures from the same sample).

Figure 10

 10 shows the survey spectra recorded for the Sn/MWCNTs compound which is characterized by the presence of Sn 3d (between 482 and 502 eV) and C 1s (285 eV) contributions. Nevertheless, S 1s (170 eV), F 1s (685 eV), Cl 2p (200 eV) and Na 1s (1072 eV) contributions could also be noticed. It means that ionic liquid (sulfur and fluorine) and contaminants from precursors (sodium and chloride) strongly interacted with tin and/or carbon nanotubes and were very difficult to remove. Due to their geometric structures it was also very likely that a significant amount of ionic liquid was trapped within the pores of the MWCNTs. The analysis of the high resolution spectra of the Sn region (data not shown) has revealed the presence of metallic tin unequivocally demonstrated by the contribution from the Sn 3d 5/2 at 484.9 eV. Diffraction pattern for the Sn/MWCNTs composite obtained from high-energy x-ray diffraction experiments (data not shown) also confirmed the presence of metallic tetragonal tin (β-Sn). Contribution observed at 486.5 eV might be attributed to the presence of Sn-Cl bond in a SnCl 2 compound, which is consistent with the presence of the Cl 2p peak (200.4 eV) on the core level spectra of chlorine. Furthermore, the presence of oxidized tin species (e.g., SnO or SnO 2 ) is very likely considering the experimental conditions used in this work. Indeed an unavoidable oxide layer is formed as soon as electrode is in contact with ambient air. Moreover Sn-O might arise from the interaction between tin and the functional groups of MWCNT. The peak observed at 487.4 eV is in very good agreement with the presence of Sn-O bounds. This also agrees with, the O 1s peak observed at 532.5 eV, which might be attributed to a thin oxide film present at the electrode surface.

Fig. 10

 10 Fig. 10 XPS survey spectra of Sn/MWCNT composite shown in Fig. 9. "In-situ" synthesis in BMP NTf2.Electrochemical behavior of tin/carbon compositePreliminary electrochemical characterizations were performed on Sn/MWCNTs composite tested as a negative electrode using a Swagelok® type cell. The electrochemical reaction of Sn vs. Lithium is based on an alloying/de-alloying process which theoretically give rise to the formation of Li 4.4 Sn according to (eq 1) Li 4.4 Sn  Sn + 4.4 Li + + 4.4 e -(1)The expected theoretical capacity based on the formation of Li 4.4 Sn is 869 mAh g -1 . Typical discharge/charge curves of

Fig. 11

 11 Fig.11Voltage profile obtained upon charge/discharge of Sn/MWCNTs composite characterized in Fig.9 and 10. Swagelok® type cell were cycled between 0.05 and 2 V at 50 mA g -1 .
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