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In situ/in operando X-ray diffraction coupled with electrochemical cycling of ZnO based electrodes in KOH electrolyte has been used as a powerful tool in order to investigate the influence of additives. The technique has been performed in order to highlight the role of bismuth based conductive additives on the cycling ability of the electrode. It enables to clearly evidence the conversion of zinc oxide to zinc metal. During the first charge, it also helps to visualize the conversion of Bi 2 O 3 additive into metallic bismuth prior to ZnO reduction which leads to the formation of an electronic pathway at the nanometer scale complementary from the current collector and the TiN percolation conductive network. Additionally, each Bi 2 O 3 grain seems to be converted in a single bismuth grain which is not agglomerated with other bismuth particles even after 50 cycles. This behaviour leads to a steady capacity of the zinc based electrode compared to the same electrode without Bi 2 O 3 additive. Subsequently, in situ XRD investigation of Zn based negative electrode in nickel-zinc batteries can be a powerful tool to design new composite electrode with long term cycling efficiency.

Introduction

Numbers of applications have been envisioned for secondary batteries thanks to research efforts made during the last decade, ranging from portable electronics to electric vehicles. Not only lithium ion batteries are attracting interest for all these uses but there are still a large number of nowadays applications that can accommodate aqueous-based secondary batteries, including hybrid vehicles or uninterrupted power supply. Due to its low cost, low equilibrium potential, good reversibility, high energy density and low environmental impact, zinc has promising perspectives as a material for negative electrode in aqueous-based batteries. However the practical uses of zinc-based electrodes have been limited by poor cycling ability due to dendrite growth, macroscopic change of shape upon repeated charge/discharge cycles and surface passivation. These limitations are consequences of the dissolution of Zn 2+ species upon oxidation of zinc based electrodes, i.e. upon discharging the electrochemical cell when coupled to a nickel hydroxide electrode as it is the case in rechargeable Ni-Zn batteries for example [START_REF] Mclarnon | The Secondary Alkaline Zinc Electrode[END_REF]. Ni-Zn rechargeable batteries are assembled with ZnO-based negative electrode and Ni(OH) 2 positive one, i.e. in the discharge state. Upon charging the cell for the first time, ZnO is reduced to metallic zinc and Ni(OH) 2 is oxidized to NiOOH. This causes a first volumetric change of the device since the molar volume of pristine ZnO is larger than that of zinc. On the following discharge, zinc is oxidized to soluble zincate species ([Zn(OH) 4 ] 2-) while NiOOH turns back into Ni(OH) 2 . On subsequent charge, zincates are reduced back to zinc, but, at the macroscopic scale of the negative electrode, this reduction can only occur where electronic transfer is possible, i.e. at the interface between an electronically conducting grain connected to the current collector through a conductive pathway, and the electrolyte containing the soluble zincates species. Additionally, solid oxidized zinc species e.g. remaining ZnO or precipitated Zn(OH) 2 , in contact with the electronically conductive grain can also be reduced to metallic zinc. Thus, charge/discharge cycles induce the breathing of the negative electrode which is repeatedly submitted to volume expansion/contraction. Furthermore, the formation of metallic zinc upon charging occurs preferentially where current density is the most important, i.e. close to the edges of the current collector. This induces the formation of zinc aggregates on the edges of the current collector, leading to a change in the shape of the electrode. Indeed, before the first charge, ZnO is homogeneously distributed throughout the electrode due to standard and well managed fabrication process, while after few charge/discharge cycles, zinc species are concentrated close to the edges of the current collector. In addition, deposition of zinc does not occur as a flat layer on the current collector but rather as dendrites that can further grow and create short circuits with the positive electrode after few charge/discharge cycles. Dendrites growth and change of shape are the main drawbacks that limit the cycling ability of zinc based electrodes in Ni-Zn batteries.

Different solutions have been proposed to limit or cancel these drawbacks. Calcium hydroxide additives for example [START_REF] Sato | Long life sealed nickel-zinc cell using a new separator[END_REF][START_REF] Gagnon | Effect of ten weight percent KOH electrolyte on the durability of zinc/nickel oxide cells containing zinc electrodes with calcium hydroxide[END_REF][START_REF] Chen | Evaluation of calcium-containing zinc electrodes in zinc/silver oxide cells[END_REF][START_REF] Renuka | Cyclic voltammetric study of zinc and zinc oxide electrodes in 5.3 M KOH[END_REF][START_REF] Yuan | Effect of ZnO nanomaterials associated with Ca(OH)2 as anode material for Ni-Zn batteries[END_REF][START_REF] Wang | Study of calcium zincate synthesized by solid-phase synthesis method without strong alkali[END_REF] can limit the solubility on zincate species thus preventing their diffusion in the liquid electrolyte and limiting the aggregation of zinc upon charging the cell. Hydrogel electrolyte [START_REF] Fauvarque | Alkaline poly(ethylene oxide) solid polymer electrolytes. application to nickel secondary batteries[END_REF][START_REF] Yang | Preparation of alkaline PVA-based polymer electrolytes for Ni-MH and Zn-air batteries[END_REF][START_REF] Iwakura | Charge-discharge characteristics of nickel/zinc battery with polymer hydrogel electrolyte[END_REF][START_REF] Wu | Preparation of alkaline solid polymer electrolyte based on PVA-TiO2-KOH-H2O and its performance in Zn-Ni battery[END_REF] can also prevent the solubility of zincates and limit dendrite growth due to the high viscosity of the electrolyte. However, such additives cannot be efficient if the current density is not homogeneously distributed throughout the electrode. This suggests that the distribution of the current at the scale of the current collector (≈100 m in the case of metallic grid or metallic foam for example) is not satisfactory and must be downsized to m or even nm range. This can be done by adding stable conductive additives such as transition metal nitrides, TiN being one of the most promising compounds. Most beneficial effects of metal nitride additives include: suppression of H 2 formation, increased electronic conductivity of the ZnO electrode and better charge dispersion as a secondary electronically conductive pathway. Titanium nitride has also been used for stabilizing zinc re-deposition. TiN is often added as a 1-10 m powder [START_REF] Bugnet | Recent nickel-zinc battery development[END_REF]. The effect is remarkable since it helps to stabilize the shape of the negative electrode for several hundred of cycles. An even smaller scale of current distribution can be achieved via the use of nanoscale conductive additives. Since metallic materials are difficult to synthesize on an industrial scale as nanometric powders, oxides are most preferentially used. Nanoscaled Bi 2 O 3 additives for example [START_REF] Mclarnon | The Secondary Alkaline Zinc Electrode[END_REF][START_REF] Yuan | Preparation and electrochemical performance of nanosized Bi compounds-modified ZnO for Zn/Ni secondary cell[END_REF][START_REF] Biegler | Accelerated testing of additives in zinc plates of nickel zinc cells[END_REF][START_REF] Mcbreen | Bismuth oxide as an additive in pasted zinc electrodes[END_REF], lead to improved cyclability of zinc-based electrodes. Performances of zinc-based electrodes are related to nature, concentration and dispersion of such additives. However, their effect and their influence on the structural changes of the zinc based electrode are only poorly documented in the literature. Even Linden's Handbook on batteries [START_REF]Linden's Handbook of Batteries[END_REF] mentioned that there have been a large variety of chemicals added to the zinc negative electrode to improve cycle life and aid electrode manufacturing, but their role is not detailed. More specifically, the role of these nanometric oxides is not well understood. In fact, upon charging the cell for the first time, the reduction of Bi 2 O 3 to metallic bismuth occurs at a quite lower potential than the reduction of ZnO to metallic zinc according to Pourbaix diagram [START_REF] Pourbaix | Atlas of chemical and electrochemical equilibria, Houston, Texas[END_REF]. Thus, the first charge creates a nanometric network of metallic bismuth particles connected to TiN conductive additive and further to the metallic current collector. Upon subsequent discharge, the potential of the negative electrode does not reach the potential of bismuth oxidation (-0.45 V vs ENH at pH = 14), while zinc is further oxidized to zincate species (-1.21 V at pH = 14). With the preservation of such hierarchical conductive network (current collector, TiN micrometric size particles and metallic bismuth nanometric size particles) upon repeated charge/discharge cycles, the distribution of current density is quite homogeneous throughout the zinc-based electrode, thus preventing shape change and improving the cycle life up to thousand of cycles. It can be noted that the fine tuning of the electronic conductivity in zinc based batteries not only plays a role in improving the electrode kinetic, as what is done in Li-ion battery electrodes for example when carbon coating is used, but it is also the keypoint for maintaining the cycling ability of the electrode since it must monitor zinc electrocrystallization after the first formation cycle. Surprisingly, unlike the general trend observed for lithium ion battery electrodes [START_REF] Dahn | Anomalous bragg peak widths in LixTiS2[END_REF][START_REF] Thurston | Synchrotron x-ray diffraction studies of the structural properties of electrode materials in operating battery cells[END_REF][START_REF] Morcrette | In situ X-ray diffraction techniques as a powerful tool to study battery electrode materials[END_REF], no in situ XRD measurements have been performed in addition to ex situ characterization to expand knowledge for understanding reaction mechanism linked to the use of Bi 2 O 3 additives and subsequently for improving electrochemical properties of zinc-based electrodes. Even recent studies aiming at improving the cycling ability of zinc based electrodes by Bi 2 O 3 doping [START_REF] Yuan | Electrochemical performances of Bi based compound film-coated ZnO as anodic materials of Ni-Zn secondary batteries[END_REF][START_REF] Huang | ZnO/ZnO-Bi2O3 nanocomposite as an anode material for Ni-Zn rechargeable battery[END_REF][START_REF] Biegler | Accelerated testing of additives in zinc plates of nickel zinc cells[END_REF] do not provide evidences of the role of bismuth upon charging/discharging the cell from a structural and microstructural point of view. The studies are mainly focussed to the electrochemical improvement of the electrode rather than on the comprehension of which changes occur in the composite electrode.

In order to highlight the role of nanoscaled bismuth oxide additive in ZnO electrodes for Ni-Zn rechargeable battery we have investigated the structural changes occurring upon cycling. Thus, the present work focuses on the development of an in situ/in operando X-ray diffraction measurement set-up that can improve the comprehension of structural and microstructural behaviour of additives during zinc-based electrode cycling. This set-up is also dedicated to the study of cycling ability of the electrode, thus drastic conditions for limiting the cycling ability have been intentionally chosen. With such conditions, standard zinc-based electrode will only sustain few tens of cycles and not hundreds as in a real life device.

Experimental

Zinc-based electrodes were prepared by incorporating slurries containing ZnO (average diameter size 250 ± 50 nm), TiN (average diameter size 1 ± 0.5 m) and Bi 2 O 3 powders (average diameter size 100 ± 20 nm, Alfa Aesar, 99% purity) with polytétrafluoroéthylène (PTFE) in a copper foam substrate that is subsequently laminated. The electrode which will serve as blank sample, Zn-wB (wB standing for "without bismuth oxide") contains only ZnO, TiN and PTFE, while Bi 2 O 3 was added to the composition of the optimized electrode, Zn-B (Table 1). ZnO-based electrodes have been designed to be the limitative electrodes, with 658 mAh g -1 of ZnO maximum theoretical capacity, which translates into ≈130 ± 10 mAh for the electrode design (20 mm × 20 mm × 0.6 mm) chosen in this study. The Ni(OH) 2 positive electrodes (310 mAh for 28 mm × 28 mm × 0.9 mm) have more than twice the capacity of the zinc-based one. The capacities of the electrodes are designed to accelerate the zinc electrode ageing. Two different compositions of Zn-based electrodes have been used, namely with and without nanoscaled Bi 2 O 3 powders, named respectively Zn-wB and Zn-B.

A special electrochemical cell has been designed to perform in situ XRD experiments (Fig. 1a). The positive electrode consists of a thick Ni(OH) 2 electrode parallel to the ZnO based working electrode, and is located on the bottom of the device, supported by a mineral foam which acts as an electrolyte reservoir. Both electrodes are separated by a conventional PP-PA separator soaked with the electrolyte and placed into a Teflon cavity of 80 mm × 60 mm × 10 mm. The zinc-based negative electrode is located at the top position for X-rays exposure. In situ XRD cell is filled with 7 M KOH electrolyte with special care to let the top surface of working electrode not covered with the electrolyte, thus preventing huge X-ray attenuation.

The details of the in situ cell are given in Fig. 1b. In order to maintain the top surface of zinc-based electrode into the focal plane of the X-ray beam, two Teflon bars were used. Teflon bars have also been useful to influence the volume expansion of electrodes towards the bottom of the system thanks to the use of mineral foam which can contract and expand reversibly, also used as a reservoir for electrolyte (Fig. 1b).

X-ray powder diffraction (XRD) patterns were recorded using a PANanalytical X'Pert Pro diffractometer operated in Bragg-Brentano reflection geometry with a Long Line Focus Cu anode X-ray source, and a X'Celerator RTMS detector between 20 the experimental device in the focal plane of the diffractometer (Fig. 1a). TiN (2 0 0) reflection was used as internal reference for XRD pattern analysis. Crystallite sizes of nano-sized particles of metallic bismuth have been estimated from Bi (0 1 2) diffraction peak according to the Scherrer formulae

d c = K ˇcos (1)
where d c is the crystallite size, K (0.89) the shape factor, the Xray wavelength, ˇthe full width at half intensity (FWHM) of the diffraction line after correcting from the instrumental broadening of the diffraction lines (calculated from the XRD pattern of a polycrystalline silicon standard), and is the diffraction angle. Scanning electron microscopy (SEM) observations were performed with a Zeiss Merlin field effect gun microscope.

The cell was connected to a multichannel potentiostat (VMP2 Bio-Logic) monitored with ECLab software for in situ XRD measurement. For the long term cycling experiments, the cells were first charged and discharged galvanostatically at 55% of state of charge (respectively at C/10 and C/5, C corresponding to 658 mA h/g ZnO ) during 5 cycles. This activation step is associated both with the reduction of the passive oxide layer and the increase of the surface area (particle size reduction) of the negative electrode to reach its optimal discharge. It has been previously optimized by the battery manufacturer (SCPS). Following charges and discharges have been performed at 100% of state of charge of the zinc based electrode (respectively C/10 until voltage reaches 2 V and C/5 until voltage drops down to 1.2 V).

The first charge of Zn-wB and Zn-B electrodes investigated in operand by XRD was performed in the same manner using a C/15 rate. particles can be checked from Fig. 3a (average diameter size 250 nm). Concerning Bi 2 O 3 -based electrode (Zn-WB), the structure of commercial Bi 2 O 3 powder is confirmed as a monoclinic phase (JCPDS 01-071-0465, SG: P-421c, cell parameters a = 7.742 Å and c = 5.631 Å). While no extra peak could be observed, in situ XRD system could be validated for in situ cycling experiments. The size of raw particles of Bi 2 O 3 has been estimated by scanning electron observations, ranging from 80 up to 130 nm. A SEM observation of the as-prepared electrode can be seen in Fig. 3b.

Results and discussion

␣-Bi 2 O 3 exhibits p-type electronic conductivity at room temperature, which transforms to n-type conductivity between 550 • C and 650 • C depending on the oxygen partial pressure [START_REF] Harwig | Electrical properties of the ␣, ␤, ␥, and ␦ phases of bismuth sesquioxide[END_REF]. Total conductivity (ionic and electronic) is very low (<10 -6 S cm -1 ) at room temperature and reaches 10 -4 S cm -1 at 750 • C.

Typical voltage evolution measured by in situ system during the first charge cycle is shown in Fig. 4. The reduction step (2) is followed by a decrease of the intensity of ZnO reflections (Fig. 5a) and an increase of Zn peaks (Fig. 5b).

ZnO + 2e -+ H 2 O → Zn + 2OH - (2) 
TiN (2 0 0) reflection is used as internal reference. No evolution of full width at half maximum (FWHM) of TiN reflections was observed during charges, neither formation of oxidized Ti phases (TiO x N y , 0 < x < 2, 0 < y < 1), thus confirming the good stability of this compound upon cycling in KOH electrolyte. Upon charging the cell, the intensity of ZnO (1 0 0) reflection decreases down to zero (Fig. 5a). Indeed, the in situ system allows a deep reduction of ZnO particles even on the top surface of the electrode. Concomitantly, an increase of the intensity of Zn (1 0 1) reflection occurs (Fig. 5b). The follow up of the relative areas of ZnO (1 0 0) reflection and Zn (1 0 1) reflection normalized to TiN (2 0 0) area during the cycling experiment is reported in Fig. 4 (I/I TiN ). The Zn (1 0 1) to TiN (2 0 0) areas ratio indicates the formation of zinc during the first four hours, followed by a stabilization to the beginning of the 2 V plateau and till the end of the charging stage (Fig. 4). Such stabilization is not observed for the ZnO (1 0 0) to TiN (2 0 0) areas ratio which still decreases till the end of the charge. It does not mean that ZnO is no longer reduced to zinc after 4 h, but rather that the thickness of the zinc layer exceeds the penetration depth of the X-rays after this time. Thus freshly formed zinc after 4 h does not provide any additional increase in the diffraction peak intensity. It can be noted that the bismuth-based electrode Zn-B follows exactly the same trend. The main difference between the two electrodes Zn-wB and Zn-B can be detected on the first charge. A peculiar behaviour is depicted for the bismuth-based electrode Zn-B (Fig. 6a) on the in situ XRD patterns as well as on the galvanostatic plot. The gradual reduction of monoclinic Bi 2 O 3 to rhombohedral metallic bismuth (JCPDS 01-085-1329) is observed (Fig. 6b) at the beginning of the first charge, namely between 1.1 V and 1.8 V. This pseudo-plateau was not observed on the charging plot of the Zn-wB electrode. As expected, no evolution of the intensity of ZnO peaks is observed before the end of the reaction of reduction of bismuth oxide (3).

Bi 2 O 3 + 6e -+ 3H 2 O → 2Bi + 6OH - (3) 
This is consistent with the evolution of electrochemical plots (Fig. 6a) and the beginning of bismuth oxide reduction upon charging the cell from 0.8 V up to 1.8 V. Reduction of bismuth oxide to Drawing the evolution of relative areas of Bi 2 O 3 ( 1 2 1) and Bi (0 1 2) compared to TiN (2 0 0) during the first charge reveals that the reduction of bismuth oxide begins with a slow kinetic below 1.6 V cell voltage. From Fig. 6a it can be seen that only a small fraction of Bi 2 O 3 is reduced to metallic bismuth below this voltage. Between 1.6 V and 1.8 V, the relative intensity of Bi 2 O 3 ( 1 2 1) reflection quickly decreases while the relative intensity of Bi (0 1 2) reflection increases and reaches a maximum after 90 min charging time at a cell voltage of 1.8 V. Above this voltage, ZnO reduction occurs as for the bismuth free electrode (Fig. 4).

The diffraction peaks of Bi 2 O 3 were also analyzed with regards to their full width at half maximum (FWHM), according to Scherrer equation [START_REF] Mclarnon | The Secondary Alkaline Zinc Electrode[END_REF]. The analysis of the Bi 2 O 3 reflections (FWHM) leads to a value of crystallite size close to 100 ± 20 nm. The increase in the FWHM can be due either to the small size of crystallite or to microstrains in the crystals. The crystallite size calculated from Eq. ( 1) is in good agreement with the mean size of the particles of the Bi 2 O 3 powder determined from SEM micrographs (Fig. 3b), thus suggesting that (i) the enlargement of FWHM are due to the small size of the crystallites and not to microstrains, and (ii) that each particle is a single crystal rather than polycrystalline. Similar analyses were conducted on the FWHM of metallic bismuth reflections which give a value of ≈30 ± 10 nm for the crystallite size. According to the average diameter of pristine Bi 2 O 3 particles (100 ± 20 nm) and to the molar volume of Bi 2 O 3 and Bi, the calculation of the size of a reduced Bi 2 O 3 particle, namely a bismuth particle, leads to a theoretical value of 50 nm. The comparison of the experimental diameter (30 ± 10 nm) of the bismuth particles with the calculated value (50 nm) suggests that each Bi 2 O 3 particles decomposed in one or two bismuth particles upon charging the cell. This assumption does not take into account the possible presence of microstrains in bismuth particles arising from the reduction of Bi 2 O 3 grains. However, SEM observations confirm that the mean diameter of the bismuth particles is homogeneously distributed and close to 30 nm (Fig. 3c). This also supports the hypothesis that bismuth particles do not agglomerate on the first charge of the battery thus creating a nanoscale conductive network in addition to the one of TiN particle network, this last one being in contact with the current collector. It can be noted that the addition of bismuth particles, 30 nm diameter, to the pristine Zn-B electrode instead of the addition of Bi 2 O 3 would have been more difficult since (i) such small bismuth particles are not commercially available, (ii) the manipulation of nanoscale bismuth particles would have been dangerous (pyrophoricity of finely divide metals and toxicity of nanoscale powders).

It is thus expected that such nanostructure will help to keep a better dimensional stability of the zinc-based electrode by improving homogeneous zinc deposition at a nanoscale level, and subsequently at the macroscale level, upon charging the cell. Note that since Zn-B and Zn-wB possess both a good macroscale electronic conductivity, the electronic conductivity at a nanoscale level can only be discriminated using special technique such as broadband dielectric spectroscopy [START_REF] Badot | A multiscale description of the electronic transport within the hierarchical architecture of a composite electrode for lithium batteries[END_REF]. This is supposed to improve the cycling ability of Zn-B electrode compared to Zn-wB. Fig. 7 and Table 1 show the evolution of discharge capacity of both electrodes in this accelerated ageing zinc electrode condition tests (discharge at 100% of maximal capacity) after 5 formation cycles (see Section 2). The capacities of Zn-wB and Zn-B at the beginning of the cycling test are quite similar (550 vs 570 mAh g -1 of ZnO as indicated in Table 1). The values do not reach the theoretical capacity of ZnO (658 mAh g -1 ), however the in situ operation of the cells may be the cause for that due to premature solvent evaporation or poor impregnation of the electrode surface. An additional electrolyte supplying reservoir was then added to the design enabling to cycle both cells at about 75% of their theoretical capacities without much loss upon the first 40 cycles. It can be pointed out that the bismuth-free and the bismuth-based electrodes follow the same discharge capacity evolution without much difference. Up to 40 cycles the TiN conductive network seems efficient enough to ensure a fair mechanical stability of both electrodes. However, as expected after 40 cycles, the discharge capacity of Zn-wB electrode drastically drops down to less than 50% of its theoretical capacity. Such trend is related to the loss of homogeneous electronic pathway throughout the electrode, thus not preventing the change in shape of the zinc-based electrode. Indeed, post-mortem analyses of the Zn-wB electrode reveal heterogeneity in the shape and in the zinc repartition. As a matter of fact, the presence of TiN particles helps to keep a good cycling ability upon the first 40 cycles but they do not provide an efficient electronically conductive network to further stabilize the cycling of the negative Zn-wB electrode.

Zn-B electrode exhibits a much better stability of the discharge capacity over more than 50 cycles. The capacity even reaches values above 75% of the theoretical capacity. Dismantling the cell evidences a better repartition of zinc which seems more homogeneously distributed throughout the electrode. Although, it is difficult to generalize this behaviour (the long term cycling measurements have taken more than 3 months), these experiments give some clues for the improvement of zinc based electrode for Ni-Zn batteries.

In situ cell has also been used to evaluate the variation of metallic bismuth (amount and particle size) during charge/discharge cycles of Zn-B electrode. Fig. 8 plots the evolution of the relative area ratio of metallic Bi (0 1 2) reflection to TiN (2 0 0) reflection. The evolution of this intensity is very stable during all the cycles, the small variations depicted in Fig. 8 being probably due to the breathing of the electrode upon charge/discharge. It can be noted that on the second and subsequent cycles, the relative intensity of Bi (0 1 2) reflection is stable even during the discharge of the cell which suggests that bismuth re-oxidation does not occur. Indeed, the presence of oxidized bismuth species is never observed on XRD patterns. This also suggests that the concentration of metallic bismuth and titanium nitride at the surface of the electrode is stable upon cycling, at least over the first 50 cycles. Thus the conductive network created on the first charge of the electrode is preserved all along the cycling process.

The size of metallic bismuth crystallites has been evaluated (Eq. ( 1)), and its evolution has been quantified upon 50 cycles. On the 50th cycle, the XRD pattern reveals that the crystallite size of metallic bismuth is quite stable (20 nm < d (0 1 2) < 30 nm). This supports the fact that no agglomeration of bismuth occurs during the cycling of the zinc-based electrode. Subsequently, the bismuth conductive network created on the first cycle is efficient in providing homogenous electronic conductivity at the nanometer scale throughout the electrode and it is maintained upon at least 50 cycles.

Conclusion

This study shows the potentiality of an in situ/in operando system measuring both electrochemical and XRD responses of a zinc based electrode in KOH electrolyte for Ni-Zn secondary battery. The present study allows obtaining information on structural and microstructural changes of the surface of the zinc-based electrodes upon cycling that were formerly obtained by post mortem or ex situ analysis. The conversion of zinc oxide to zinc metal is evidenced upon cycling from a structural/microstructural point of view. Additionally, the role of Bi 2 O 3 additives is clearly highlighted, showing the creation of a secondary electronic network of conductive metallic bismuth complementary from the current collector and the TiN particles percolation network. Additionally, each Bi 2 O 3 grain seems to be converted in a single or in two bismuth grains which are not agglomerated with other bismuth particles even after 50 cycles. Again these known features were not directly evidenced in former studies. This behaviour leads to a steady capacity of the zinc based electrode compared to the same electrode without Bi 2 O 3 additive. Even if such conclusions were previously reported from post-mortem analysis, this is the first time to our knowledge that XRD in situ/in operando technique confirms these assumptions. Furthermore, such in situ coupled techniques open the way for optimizing Zn based electrodes for primary and secondary aqueous based batteries.
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 2 Fig. 2 shows the XRD patterns of as-prepared electrodes with or without bismuth oxide. In both electrode, ZnO (JCPDS 01-079-0205) and TiN (JCPDS 01-87-0633) reflections could be indexed in the hexagonal structure of ZnO (SG: P63mc, cell parameters: a = 3.25 Å and c = 5.21 Å) and face centred cubic structure of TiN (SG: Fm3m, cell parameter: a = 4.24 Å). The size of pristine ZnO

Fig. 1 .

 1 Fig. 1. (a) Picture of XRD system with the PTFE cell located on the top of the multipurpose sample stage (MPSS) enabling to align the top of zinc-based negative electrode in the focal X-ray plane; (b) detailed schema of the in situ XRD cell showing the design and the pilling-up of the different components.

Fig. 2 .

 2 Fig. 2. XRD pattern of as-prepared zinc-based electrodes; bottom pattern is the bismuth-free electrode Zn-wB and top plot is the bismuth-based electrode Zn-B, acquired with the in situ cell prior to cycling. Open circles correspond to ZnO reflections (JCPDS 01-079-0205), plain dots to TiN (JCPDS 01-87-0633) and open square to ␣-Bi2O3 reflections (JCPDS 01-071-0465).

Fig. 3 .

 3 Fig. 3. SEM micrographs of (a) pristine ZnO powder, (b) ZnO/Bi2O3 mixed powders prior to Zn-B electrode fabrication (the brightest particles are Bi2O3), and (c) postmortem observations of Zn-B after 10 cycles; the smallest particles are metallic bismuth based on micro EDX analyses.

Fig. 4 .

 4 Fig. 4. First galvanostatic charge of Zn-wB electrode and concomitant evolution of the relative areas of Zn (1 0 1) (plain stars) and ZnO (1 0 0) (open stars) reflections compared to TiN (2 0 0) area; values are extracted from the XRD patterns recorded in situ during the charge of Zn-wB electrode.

Fig. 5 .

 5 Fig. 5. Evolution of XRD reflections of (a) ZnO (1 0 0), (b) TiN (2 0 0) and Zn (1 0 1) reflections for bismuth-free electrode Zn-wB; arrows indicate (a) the decrease of ZnO (1 0 0) peak, and (b) the increase of Zn (1 0 1) reflection upon charging the cell; note that TiN (2 0 0) reflection keeps the same intensity over the whole charging process.

Fig. 6 .

 6 Fig. 6. (a) Evolution of the voltage and intensities of Bi2O3 (2 0 0) and Bi ( 121) reflections during the beginning of the first charge of the bismuth-based electrodes Zn-B; galvanostatic plot is related to the first charge of the electrode; (b) focus on XRD patterns of bismuth-based electrode during the first charge; arrows indicate the decrease of Bi2O3 reflections and the concomitant increase of Bi reflections upon charging the cell.

Fig. 7 .

 7 Fig. 7. Evolution of the capacity of bismuth-free Zn-wB electrode (empty squares) and bismuth-based electrodes Zn-B electrode (plain squares) as a function of the cycle number. Values have been calculated after the 5 formation cycles (see Section 2); lines are guidelines for the eyes.

Fig. 8 .

 8 Fig. 8. Galvanostatic plot of Zn-B electrode for cycles # 1, 2 and 49, 50. The ratio between the area of Bi (0 1 2) reflection peak and the area of TiN (2 0 0) reflection (used as internal reference) is also indicated.

Table 1

 1 Compositions and capacities of bismuth-free (Zn-wB) and bismuth-based (Zn-B) electrodes after 1 and 48 cycles. The 5 first formation cycles are not taken into account (see experimental section).

		Composition (wt%)			Theoretical capacity	Discharge capacity (mAh g -1 of ZnO)
						(mAh g -1 of ZnO)		
		ZnO	TiN	Bi2O3	PVDF	Cmax	Cycle 1	Cycle 48
	Zn-wB	88.5	6.7	0.0	4.8	658	550 ± 10	310 ± 10
	Zn-B	79.0	6.7	9.5	4.8	658	570 ± 10	510 ± 10

• and 80 • angle range. Measurements were performed with a Multi Purpose Sample Stage (MPSS) enabling to adjust the surface of
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