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Rechargeable magnesium batteries are promising candidates for next-generation electrochemical energy storage, but their development is severely hindered by sluggish solid-state diffusion and significant desolvation penalties of the divalent cation. Studies suggest that nano-sized electrode materials alleviate these issues by shortening diffusion lengths and increasing electrode/electrolyte interaction. Here, we investigate the effect of particle size and synthetic methodology on the electrochemical performance of four sulfide cathode materials in Mg batteries: layered TiS 2 , CuS, spinel Ti 2 S 4 and CuCo 2 S 4 . In these sulfide hosts, the direct preparation of nanodimensional crystallites is critical to activate or improve electrochemistry. Even promising cathode materials can appear electrochemically inert when micron-sized particles are investigated (e.g . CuCo 2 S 4 ), and mechanical milling leads to surface degradation of active material which severely limits performance. However, nano-sized CuCo 2 S 4 prepared directly reaches a capacity nearly double that of ball milled material and delivers 350 mAh g -1 at 60 °C. This work provides synthetic considerations which may be crucial in the discovery and design of novel Mg cathode materials so that promising candidates are not overlooked. By extension, in oxide materials where Mg 2+ diffusion is expected to be much more sluggish, this factor is anticipated to be even more important when screening for new hosts.

Introduction:

Overconsumption of fossil fuels has led to a plethora of environmental issues and an impending energy crisis. To reduce carbon-based emissions, energy storage technology needs to be developed to (1) facilitate a transition from gasoline powered cars to electric vehicles and (2) integrate renewable power sources into the grid. [1][2][3] Rechargeable batteries offer viable approaches to achieve these goals, but improvements are needed to progress beyond current state of the art lithium ion batteries (LIBs) which are limited by economic factors and safety concerns. [4][5][6] As an earth-abundant metal and divalent cation, magnesium-based battery technology provides large theoretical volumetric energy densities at a fraction of the cost of LIBs. [START_REF] Fichtner | Magnesium Batteries: Research and Applications[END_REF][START_REF] Ponrouch | [END_REF] Furthermore, rechargeable magnesium batteries are promising candidates for electrochemical energy storage due to limited dendritic growth and good safety of the Mg metal anode. [9][10][11][12] Despite these desirable qualities, there are major challenges hindering the development of Mg batteries due to kinetic limitations associated with the transport and electrodeposition of the divalent cation. [13,14] While much progress has been made to increase the anodic stability and improve the efficiency of advanced Mg electrolytes, [15][16][17] the paucity of known cathode materials capable of reversible Mg 2+ (de)insertion continues to plague this technology. High voltage oxides generally suffer from sluggish Mg 2+ diffusion due to strong ionic interactions between the migrating cation and the highly polarizing lattice. [18][19][20] In these oxide materials, the desolvation process at the cathode/electrolyte interphase has been shown to add an additional kinetic barrier to intercalation, [21- 23] and a strong driving force towards conversion has been widely observed. [11,[24][25][26][27][28] Although sulfide cathodes offer a lower energy density than oxides, they exhibit weaker interactions with the divalent cation and allow for more facile solid diffusion. As a result, most successful magnesium ion batteries have been prepared by balancing a sulfide cathode material with a Mg metal anode. Reversible Mg 2+ intercalation was first demonstrated by Aurbach et al. with the Chevrel phase Mo 6 S 8 as the host, [29] while we later proved that the spinel and layered phases of titanium sulfides were excellent Mg cathode candidates. [30,31] We also demonstrated that CuS cathode materials uptake Mg via a conversion reaction; however, high temperatures were required to cycle most of the capacity of micron-sized material. [32] Although these sulfide hosts provide better kinetics for Mg 2+ insertion/diffusion in comparison to oxides, their electrochemical performance requires further improvement to compete with existing technology. One potential solution is to reduce the particle size of the cathode material to allow shorter ion diffusion lengths and enhance ingress/egress of Mg 2+ ions by increasing the surface area exposed to the electrolyte. This strategy has been implemented to activate Li + insertion into olivine LiMnPO 4 [33,34] and to improve the electrochemistry of other Li-ion [35][36][37][38][39][40][41][42] as well as Mg electrode materials. [43][44][45][46][47] Nanomaterials can either be prepared (1) directly through rapid, low-temperature syntheses that limit the growth of crystallites or (2) the particle size of micron-materials can be reduced with mechanical milling processes. While a wide variety of synthetic methods have been developed to directly prepare nano-sized oxide and binary sulfide materials, most ternary sulfides are prepared with a high-temperature solid state synthesis that produces micron-sized particles. [48][49][50] In these cases, nano-sized particles must be obtained post-synthesis through a mechanical ball milling process.

Herein, we investigate the effect of crystallite size on the performance of four model Mg cathode candidates (layered TiS 2 , CuS, spinel Ti 2 S 4 and CuCo 2 S 4 ), and critically analyze the impact each method of nano-sizing has on the materials' electrochemistry. We show that the electrochemical performance of both intercalation (titanium sulfides) and conversion (CuS and CuCo 2 S 4 ) cathodes is a very strong function of particle size, but that advantages of nano-sizing are accompanied by negative consequences when micron-sized particles are subjected to mechanical milling. Even though decreasing the particle size of electrode materials enhances the risk of parasitic side-reactions and reduces their overall volumetric density due to less efficient packing, [51][52][53] this is not a major concern for the current stage of Mg battery research. The discovery of new candidates and improvement of their electrochemistry are more urgent goals to provide a platform to understand the fundamentals of multivalent cation insertion and guide further directions for research. Our study demonstrates that (1) the discovery of novel higher voltage cathodes likely requires first curtailing their crystallite sizes to nano-dimensions in order to avoid overlooking potential materials, and (2) optimal performance is obtained through direct nano-synthetic techniques.

Results and Discussion:

A wide variety of liquid-based approaches can be used to directly synthesize nano-sized binary sulfides. Two common Mg cathode materials, TiS 2 and CuS, [31,32] were prepared using wet syntheses (WS) in order to examine both intercalation and conversion electrodes, respectively (Figure 1). Nanodimensional layered TiS 2 was prepared through a liquid phase synthesis (WS) in oleylamine (at 300 °C), resulting in particle sizes around 100 nm as shown in Figure 1b. [54] CuS nano-rods (prepared by a low temperature wet synthesis) aggregated into ~300 nm spheres (Figure 1d). [55] XRD patterns of WS-TiS 2 and WS-CuS confirm that each target phase was successfully prepared, (Figure 1a,c), and the peak broadening observed is due to the small coherence length of the crystallites produced using the wet synthesis technique.

As expected, nano-sized WS-TiS 2 and WS-CuS exhibit enhanced electrochemical performance in comparison to their micron counterparts (Figure 2). As reported in our previous work, micron-sized TiS 2 is an intercalation Mg cathode material which exhibits Mg 2+ trapping after the first cycle, leading to 47% irreversible capacity at a current density of 12 mA g -1 (C/40 with 1C = 1 Mg 2+ /TiS 2 ) and 60 °C. [31] This capacity loss is reduced by using nano-sized material, which exhibits only 15% irreversible capacity after the first cycle and further decreases to 8% after the second (Figure 2a). This electrochemical performance of WS-TiS 2 displays significant improvement -yielding larger initial discharge capacities (Figure S1) and better capacity retention -in comparison to the bulk material (Figure 2a,b). At a current density of 12 mA g -1 , micron-sized TiS 2 only reaches an initial discharge capacity of 270 mAh g -1 which fades considerably to 160 mAh g -1 upon further cycling (vs. 294 and 269 mAh g -1 for WS-TiS 2 ). [31] The stepwise voltage profile of WS-TiS 2 shown in Figure 2a indicates a similar Mg 2+ insertion process as the micron-sized material, although the difference in length of each plateau reflects some change in kinetics upon decreasing the particle size. Long term cycling of WS-TiS 2 at 60 °C at a current density of 48 mA g -1 shows that the material exhibits a fairly stable capacity and retains 120 mAh g -1 at the 200 th cycle (Figure 2b). Under these conditions, the capacity of micron-sized TiS 2 fades to a comparable value after only 40 cycles. [31] Unlike micron-TiS 2 which exhibits extremely poor electrochemistry at room temperature, the nano material also shows promising electrochemical properties at 25 °C. The larger initial capacity and better capacity retention of WS-TiS 2 compared to micron-TiS 2 is a direct result of shorter Mg 2+ ion diffusion length.

We have previously demonstrated that micron-sized CuS functions as a Mg cathode by conversion chemistry; however, an elevated temperature of 150 °C was required to approach reasonable capacities. [32] Decreasing the particle size through a low-temperature liquid synthesis approach creates more accessibility of the electrode surface by the electrolyte and promotes reactivity, enhancing electrochemical performance without the requirement of elevated temperatures. Figure 2c shows the voltage profiles of the nano-sized WS-CuS cathode in a Mg cell at room temperature. On discharge at a current density of 30 mA g -1 (C/19 with 1C = 1Mg 2+ /CuS), two voltage plateaus at 1.4 V and 1.1 V are observed, each contributing to half of the 480 mAh g -1 overall capacity. The initial overpotential exhibited in the discharge profiles is likely the result of nucleation. In situ XRD demonstrates that two conversion reactions take place during the first and second plateaus of the first discharge (Figure 3): This mechanism agrees with our previous report on micron-CuS at an elevated temperature. [32] After the first charge, the XRD pattern is similar to the one obtained at the end of the first discharge plateau (corresponding to Cu 2 S and MgS) while the CuS starting phase is not observed (Figure 3). This suggests that only the lower voltage process (Equation 2) is reversible and that the irreversible nature of Equation 1 leads to the large capacity decay observed on the second cycle (Figure 2c inset).

Long term cycling of WS-CuS was carried out with a lower voltage cutoff corresponding to the end of the first charge plateau (Figure 2d). At a current density of 30 mA g -1 , the capacity drops from 193 mAh g -1 obtained on the second discharge, to 150 mAh g -1 maintained on the 50 th cycle. Although initial capacities are lower, the capacity decay is slower with higher current densities of 200 mA g -1 and 500 mA g -1 , suggestive of suppressed parasitic reactions at the faster rates. Ex situ XPS on the Mg anode at the end of charge revealed a Cu signal (Figure S2), indicating that Cu dissolution and migration to the anode takes place during cycling which is a common challenge of conversion-type chalcogenide cathodes. [56] This loss of active material contributes to the capacity decay so that a faster cycling rate allows less time for such process and results in more stable capacity retention. Thus, the electrochemical performance of nano-sized CuS can be optimized by preparing electrodes and/or designing cells in manners that minimize Cu shuttling in order to prevent this source of capacity fade. Furthermore, CuS particle morphologies with minimal agglomeration, in addition to small particle size, show exceptional promise as they exhibit reversible capacities with an impressive cycle life. [57,58] These results agree with other reports of nano-CuS prepared through a variety of methods: enhanced Mg 2+ diffusion kinetics leads to improved electrochemical performance which can be obtained by using nanoparticles to prepare Mg electrodes. [59,60] These results confirm that directly preparing nano-sized binary sulfides through a liquid synthetic route significantly improves electrochemical performance; however, this approach is not always applicable for the preparation of ternary sulfides. For example, CuTi 2 S 4 is a ternary sulfide that can be oxidized to remove Cu ions and prepare spinel Ti 2 S 4 , a well-known host for Mg 2+ intercalation. [30] This material is almost exclusively prepared via a conventional solid-state method, resulting in micronsized particles. Here, these were subjected to mechanical ball milling (BM) to reduce particle size prior to electrochemical characterization. XRD confirms that BM-Ti 2 S 4 retains its spinel structure, where the broadening of peaks is a result of the defects created during this high energy process ( Figure 4a). Figure 4b shows a decrease in particle size from the original micron-sized particles (inset) to less than 1 μm which significantly shortens the Mg 2+ diffusion length by a factor of 10. While BM-Ti 2 S 4 does show improved capacity retention in comparison to the micron-sized material, the nanomaterial actually exhibits a lower initial discharge capacity than bulk Ti 2 S 4 (Figure 4c,d). This decreased discharge capacity is a result of surface degradation of the active material during the high energy milling process. Despite its limited capacity, after initial conditioning, BM-Ti 2 S 4 shows a much lower capacity decay rate of only 0.13% per cycle, and it maintains 120 mAh g -1 capacity at the end of 70 cycles at a current density of 48 mA g -1 (C/5 with 1C = 1Mg 2+ /Ti 2 S 4 ) at 60 °C. This performance is significantly improved compared to the 0.7% capacity decay rate and 95 mAh g -1 capacity retained after the 70 th cycle for the non-ball milled material under the same conditions. These results indicate that nano-sizing materials through mechanical milling has some positive impact on electrochemical performance; however, benefits are accompanied by significant negative consequences due to (1) surface degradation inhibiting Mg 2+ ingress/egress into/from the structure and (2) the possibility of introducing impurities, thus lowering the capacity of active material (Figure S3).

The electrochemical performance of known cathodes indicates that both intercalation and conversion materials benefit significantly from a direct nano-synthesis. WS-TiS 2 and WS-CuS both exhibit increased capacities and better capacity retention as a result of the small particle size produced from their liquid synthesis. However, high energy processes to reduce particle size post-synthesis (e.g. ball milling) can have negative consequences on electrodes, as BM-Ti 2 S 4 begins with a lower initial capacity vs. bulk material. To directly assess the degree to which synthetic methodology impacts electrochemical performance, nano-sized CuCo 2 S 4 was obtained both by ball milling bulk material and through a direct nano-synthesis (Figure 5). Spinel CuCo 2 S 4 is isostructural with CuTi 2 S 4 ; however extraction of Cu ions from the former is not possible, probably owing to the lowering of the S 3p level below that of the Co 3d band. [61] We thus examined CuCo 2 S 4 itself as a cathode material. CuCo 2 S 4 prepared from a conventional solid state synthesis contains a small amount of CoS 2 impurity and particle sizes are typically >10 μm (Figure 5c,d). As prepared, micron-sized CuCo 2 S 4 requires an elevated temperature of 150 °C to exhibit any electrochemical activity. At this temperature and a current density of 10 mA g -1 (C/17 with 1C = 1Mg 2+ /CuCo 2 S 4 ), the bulk material has an initial discharge capacity of 60 mAh g -1 . Upon mechanical milling, the particle sizes decrease to hundreds of nanometers (Figure 5d) which allows the cathode to be cycled at lower temperatures. At the same current density, BM-CuCo 2 S 4 has a promising capacity of 180 mAh g -1 at only 60 °C and even exhibits some activity at room temperature (Figure 5e). Reducing the particle size of CuCo 2 S 4 has clear advantages in comparison to bulk material; however, these are not the best results that this material is capable of delivering. To achieve enhanced electrochemical performance, nano-sized CuCo 2 S 4 was directly prepared using a low temperature melt approach reported by Khan, et al. [62] Stoichiometric mixtures of Cu(I) and Co(II) ethylxanthate salts were ground and decomposed at 250 °C to produce X-CuCo 2 S 4 . This approach generates a highly porous network of nano-sized CuCo 2 S 4 particles (Figure 5a,b). When cycled at 10 mA g -1 and 60 °C, X-CuCo 2 S 4 reaches an initial discharge capacity of 350 mAh g -1 , nearly double that of BM-CuCo 2 S 4 .

The capacities observed for nano-sized materials at elevated temperature are higher than 1Mg 2+ /CuCo 2 S 4 , which renders intercalation an unlikely mechanism, and thus ex situ XRD was carried out to study the structural change of the cathode upon cycling (Figure 5f). At the end of discharge, spinel peaks disappear and MgS, Co 9 S 8 and Cu phases are formed. This suggests a conversion reaction takes place: CuCo 2 S 4 + 2.22Mg 2+ + 4.44e -→ 2.22MgS + 0.22Co 9 S 8 + Cu (3) which gives rise to the high capacity of 350 mAh g -1 , close to the theoretical value of 384 mAh g -1 . The Mg 2+ intercalation barrier in CuCo 2 S 4 might be due to Cu ions blocking the migration tunnel in the spinel structure so that the conversion reaction is more favorable. However, multiple discharge plateaus appear in the voltage profile, indicating that several individual electrochemical processes take place and the overall mechanism is more complicated than suggested by Equation 3. At the end of charge, the Cu signal disappears and spinel CuCo 2 S 4 re-forms while MgS and Co 9 S 8 remain, suggesting that a combination of reversible and irreversible transitions are occurring, as is the case for WS-CuS. This naturally limits the charge capacity to 250 mAh g -1 , although subsequent discharge recovered almost all of that capacity (Figure S4). However, continuous cycling resulted in capacity fade. In-depth electrochemical characterization of individual processes will be the subject of future studies in order to identify the transitions mentioned above and assess their reversibility. While conversion cathodes traditionally suffer from rapid capacity fade, the direct preparation of nano-composite electrodes has been previously demonstrated as a viable technique to significantly improve the performance of many materials. [63][64][65][66] Indeed, we show here that this is the case for CuCo 2 S 4 , a novel Mg cathode material.

Conclusions:

Analysis of known Mg cathodes (TiS 2 , CuS and Ti 2 S 4 ) indicates that nano-sizing electrode materials provides several advantages due to shorter Mg 2+ pathways and increased electrodeelectrolyte contact. However, the method used to prepare nano-sized electrode materials also plays a crucial role governing overall electrochemical performance. Both intercalation materials, WS-TiS 2 and BM-Ti 2 S 4 , achieve more stable capacity retention when nano-sized since the smaller grains reduce cation trapping within the lattice and buffer the volume change during cycling. However, despite its enhanced reversibility, BM-Ti 2 S 4 delivers a lower initial capacity in comparison to bulk material. Nanosizing also benefits conversion materials, as interaction with the electrolyte is promoted and additional nucleation sites are created for phase transformation, allowing cathodes to function at lower temperatures. Optimal results are achieved when nanomaterials are synthesized directly, rather than reducing particle size of bulk material since high-energy methods such as ball milling can damage the structure of the active material and negatively impact electrochemical performance.

Despite issues with nano-sized electrodes, such as decreasing volumetric capacities and enhancing side reactions, [67,38] the current stage of Mg cathode research requires the identification of more potential compounds and the improvement of the electrochemical performance of existing cathodes. This work demonstrates that nano-sizing electrode materials prior to electrochemical characterization may be crucial so that successful candidates are not overlooked. When micron-sized CuCo 2 S 4 was prepared using conventional methods, it appears electrochemically inert at most temperatures and only delivers a low (60 mAh g -1 ) capacity at 150 °C. Ball milling to reduce particle size provides a rapid and useful technique to gain insight into the material's true potential; however, negative side-effects of this method limit the capacity attained by the nanomaterial. BM-CuCo 2 S 4 shows significantly more promising results in comparison to bulk material (delivering 180 mAh g -1 at only 60 °C), but nano-sized X-CuCo 2 S 4 prepared directly from a low temperature xanthate salt melt exhibits the best performance by far (350 and 140 mAh g -1 at 60 °C and room temperature, respectively). Thus, developing synthetic techniques to directly crystallize nano-sized sulfide materials may be critical in the discovery and design of novel Mg electrodes.

Experimental Methods:

Nano-sized TiS 2 was obtained via the wet synthesis proposed by Jeong, et al. [54] In a 100 mL round bottom flask, TiCl 4 (880 μL) was added to oleylamine (12 g) and heated to 300 °C under magnetic stirring and N 2 flow. Then CS 2 (1.56 mL) was injected into the mixture, which immediately turned black upon addition. The temperature was held at 300 °C for 15 minutes to allow for the completion of the reaction. The flask was transferred to an Ar-filled glovebox after naturally cooling to room temperature, and the product was collected by filtration and washed with butanol and a mixture of 3:1 volume ratio methanol:hexane. Nano-sized CuS was synthesized by the method reported by Pradhan, et al. [55] Typically, Cu(NO-3 ) 2 •3H 2 O (2.42 g) was dissolved in ethylene glycol (EG) (200 mL), and Na 2 S 2 O 3 (1.58 g) was then added. The mixture was stirred at room temperature for 20 minutes followed by 70 °C for four hours. After cooling to room temperature, the product was collected by filtration and washed with water and ethanol.

The synthesis of micron-sized spinel Ti 2 S 4 was described in our previous publication, [30] and mechanical ball milling was then carried out to reduce the particle size. In an Ar-filled glovebox, Ti 2 S 4 (1 g) power and acetonitrile (ACN, 1.5 mL) were added to a 15 mL ZrO 2 jar containing 5 mm ZrO 2 balls (12 g), followed by a milling period of 4 hours at 30 Hz with a Pulverisette 23 mini-miller. The solid was collected after evaporation of the ACN solvent.

Micron-sized CuCo 2 S 4 was synthesized by mixing the elements in stoichiometric ratios which were then sealed in an evacuated quartz tube and heated at 450 °C for three days. The particle size was reduced by ball milling material (200 mg) in a 15 mL ZrO 2 jar containing 5 mm ZrO 2 balls (8 g) and NMP (750 mg) at 30 Hz for two hours. Nano-sized CuCo 2 S 4 was synthesized directly through a low temperature melt of ethylxanthate salts reported by Khan et al. [62] A stoichiometric mixture of copper(I) ethylxanthate and cobalt(II) ethylxanthate was heated to 250 °C under Ar flow for one hour. The X-CuCo 2 S 4 product was transferred to an Ar-filled glovebox after naturally cooling to room temperature.

X-ray diffraction (XRD) analysis was carried out on a PANalytical Empyrean diffractometer with Cu-Kα or Co-Kα radiation. Material morphologies were examined using a Zeiss field emission scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscopy detector (EDX). Xray photoelectron spectroscopy (XPS) was carried out on a Thermo VG Scientific ESCLab 250 instrument.

The spinel Ti 2 S 4 , layered TiS 2 and CuCo 2 S 4 cathodes were prepared in an Ar-filled glovebox by mixing the as-prepared materials with Super P and polyvinyldiene fluoride (PVDF, average Mw ~534,000) in an 8:1:1 weight ratio in N-methyl-2-pyrrolidone (NMP) and casting the slurry onto Mo foil, while a weight ratio of 6:3:1 mixed in air and a carbon paper current collector was used for the CuS material. The APC electrolyte was synthesized following the reported procedure, with tetrahydrofuran (THF) or tetraglyme (G4) as the solvent. [32,68] Magnesium metal was polished with carbide paper (Mastercraft®, 180 grit SiC) and cleaned with a Kimwipe prior to use. Coin cells (2325) with Mg counter electrodes were used for cycling studies. All cell assembly and most electrode preparation was carried out in an Ar-filled glovebox, with the exception of CuS electrodes which were prepared in air. All electrochemistry was performed with a VMP3 potentiostat/galvanostat (Bio-logic).

In-situ XRD measurements for CuS were carried out by casting the cathode slurry on a glassy carbon electrode, which was then assembled in a home-made in situ cell with APC electrolyte and Mg metal anode. The cell was cycled at 30 mA g -1 and room temperature, with XRD scans recorded operando. Each scan was 30 min, corresponding to 15 mAh g -1 capacity or Δx = 0.0268 in Mg x CuS.
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 1 Figure 1: XRD patterns and SEM images of nano-sized (a, b) TiS 2 and (c, d) CuS prepared using wet synthesis.
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 2 Figure 2: (a, b) Voltage profiles at various current densities and (c, d) capacity retention of WS-TiS 2 at 60 °C/RT and WS-CuS at 25 °C, respectively. Room temperature data were collected using APC/THF, while capacity retention data at 60 °C were obtained with APC/G4 electrolyte.
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 3 Figure 3: In situ XRD of CuS cycled in APC/THF with a Mg anode at room temperature and 30 mA g -1 current density. Red patterns correspond to the first voltage plateau and blue patterns correspond to the reversible second voltage plateau. The initial and fully discharge patterns are shown in dark red and dark blue, respectively. The appearance and disappearance of the MgS (orange), Cu 2 S (green) and Cu (pink) phases demonstrates a conversion reaction.

Figure 4 :

 4 Figure 4: Comparison between micron-sized (non-BM) and ball milled (BM) spinel Ti 2 S 4 . (a) XRD, (b) SEM, (c) Voltage profiles of the first five cycles and (d) capacity retention of Ti 2 S 4 cathodes with a Mg anode and APC/G4 electrolyte cycled at a current density of 48 mA g -1 and 60 °C.

Figure 5 :

 5 Figure 5: (a) XRD pattern and (b) SEM image of X-CuCo 2 S 4 prepared using the xanthate method. (c) XRD patterns and (d) SEM images of micron-sized CuCo 2 S 4 prepared through a solid state synthesis and then ball milled (BM) to reduce particle size. (e) Voltage profiles of X-, BM-and micron-CuCo 2 S 4 cycled at 10 mA g -1 with a Mg anode at a variety of temperatures. Room temperature (RT) and 60 °C data were collected using APC/THF while 150 °C data was collected using APC/G4 electrolyte. Squares in black, blue and orange correspond to the points where XRD patterns were collected, shown in: f) Ex situ XRD of BM-CuCo 2 S 4 cycled at 10 mA g -1 and 90 °C, demonstrating a conversion mechanism.
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