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Abstract

:

Driven by the cost and scarcity of Lithium resources, it is imperative to explore alternative battery chemistries such as those based on Aluminum (Al). One of the key challenges associated with the development of Al-ion batteries is the limited choice of cathode materials. In this work, we explore an open-tunnel framework-based oxide (Mo3VOx) as a cathode in an Al-ion battery. The orthorhombic phase of molybdenum vanadium oxide (o-MVO) has been tested previously in Al-ion batteries but has shown poor coulombic efficiency and rapid capacity fade. Our results for o-MVO are consistent with the literature. However, when we explored the trigonal polymorph of MVO (t-MVO), we observe stable cycling performance with much improved coulombic efficiency. At a charge–discharge rate of ~0.4C, a specific capacity of ~190 mAh g−1 was obtained, and at a higher rate of 1C, a specific capacity of ~116 mAh g−1 was achieved. We show that differences in synthesis conditions of t-MVO and o-MVO result in significantly higher residual moisture in o-MVO, which can explain its poor reversibility and coulombic efficiency due to undesirable water interactions with the ionic liquid electrolyte. We also highlight the working mechanism of MVO || AlCl3–[BMIm]Cl || Al to be different than reported previously.
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1. Introduction


Lithium (Li) metal is considered to be the holy grail of the battery storage system, owing to its light weight and highest gravimetric energy density compared to any other battery storage system [1,2]. However, one of the most critical issues with using Li metal is its reactivity with liquid electrolytes and the non-uniform deposition of Li metal during plating, leading to poor coulombic efficiency and uncontrolled growth of dendrites, which can lead to possible short-circuiting and potential fire hazards [3,4]. Another key issue with Li-metal batteries is the scarcity of Li in the earth’s crust [5]; only 0.0065% of the earth’s crust is filled with Li metal [6]. Compared to Li, alternatives such as Na, K, Ca, Mg, and Al are earth abundant. Of these, monovalent Na (1165 mAh g−1) and K (685 mAh g−1), delivering one electron during battery operation, display relatively low gravimetric capacity compared to Li (3860 mAh g−1), while multivalent systems based on Mg (2150 mAh g−1), Ca (1337 mAh g−1), and Al (2980 mAh g−1) can deliver more than one electron during battery cycling and attain higher specific capacity [6,7,8,9,10,11]. Hence, to cater to the rising demand in portable electronics, electric vehicles, and grid storage, it is imperative that we look at these alternate multivalent battery systems [12,13,14,15].



Although Calcium has the lowest reduction potential among multivalent systems (−2.87 V vs. Standard Hydrogen Electrode (SHE)), it is difficult to achieve reversible plating and stripping of Ca metal in organic electrolytes due to the formation of an ion-insulating layer at the metal-electrolyte interface [16]. While reversible plating and stripping have been demonstrated for Magnesium metal in organic electrolytes, and although it has a low reduction potential (−2.36 V vs. SHE), Magnesium metal suffers from the critical issue of dendrites that pose potential safety hazards and provides only a limited choice of electrolytes [17,18]. Aluminum, with the possibility of three electron transfers, is a promising alternative to Li-based battery systems. It is the most abundant metal in the earth’s crust and significantly cheaper than Li [19]. Al metal is also not prone to forming dendrites and is chemically inert towards the liquid electrolyte, unlike Li metal. However, unlike Na and K, Al does not show reversible plating/stripping with Li-similar organic electrolytes, which has hindered the development of reversible Al-ion batteries. Reversible plating and stripping of Al were demonstrated for the first time with the use of an ionic liquid (IL) melt of Aluminum chloride (AlCl3) and 1-ethyl-3-methylimidazolium chloride [EMIm]Cl [20]. Since then, most studies on non-aqueous Al batteries have been carried out using similar IL electrolytes [21,22,23]. A number of advantages exist for these ILs, including high ionic conductivity, thermal and chemical stability, and a wide electrochemical stability window [24]. IL electrolytes are also non-flammable and non-volatile, which makes them better candidates for rechargeable Al-ion batteries.



The working mechanism of these batteries differs from the rocking chair mechanism of conventional Li-ion batteries [6,21]. Instead of Al3+, Al    Cl  4 −    and     Al  2    Cl  7 −    are the active ions in this case. Some studies suggest that during charge, Al    Cl  4 −    intercalates into the host cathode, while at the anode     Al  2    Cl  7 −    is transformed into Al metal and Al    Cl  4 −   . On discharge, a reverse reaction takes place, with Al    Cl  4 −    de-intercalating from the host cathode while metallic Al and Al    Cl  4 −    transform into     Al  2    Cl  7 −   . Owing to the bulkiness of these anions, the space occupied in the host material is significantly greater than that occupied by small Li+ ions, resulting in limited attainable capacity. For example, the Al/graphite cell attains a specific capacity of ~70 mAh g−1, while graphite can attain over five times higher specific capacity when used with Li (~372 mAh g−1) [3,21]. Some other studies suggest that during discharge the     Al  2    Cl  7 −    dissociates into Al3+ and Al    Cl  4 −   , and it is Al3+ that takes part in the intercalation process [25]. However, the high charge density of Al3+ often results in poor reversibility during battery operation and poor rate performance due to the strong coulombic effect induced by the three positive charges of the Al cation. Hence, a key challenge in developing Al-ion batteries has been in identifying suitable cathode materials that can intercalate bulky ions with high charge density. Furthermore, significant volume changes during the charging-discharging process, due to the bulky active ions, can also lead to material pulverization and electrode delamination. Layered materials, having larger interlayer spacing, such as graphitic foam, graphene, and hexagonal-MoO3, V2O5, and VO2 have been investigated as host materials in Al-ion batteries [21,26,27,28,29,30]. Prussian blue analogs, due to their large pore size, have also been examined [31]. Additionally, the Chevrel phase (Mo6S8) has been used as a host for Al-ion batteries [32,33]. However, all the above-examined host materials either suffer from low cell voltages, low capacities, poor rate performance, or poor cyclic stability.



To overcome the aforementioned challenges, the use of open-tunnel structures based on multi-transitional redox centers, such as Mo and V, have recently been demonstrated for different multivalent battery systems such as Zn, Mg, and Ca [34,35,36]. Mo and V have the ability to change their oxidation state by two or more and can therefore aid in facilitating charge redistribution and maintaining charge neutrality within the host structure during the charging/discharging process. The orthorhombic phase of MVO (o-MVO) has previously been investigated as a cathode in Al-ion batteries and displays high specific capacity at elevated temperatures of ~55 °C but displays poor cyclic stability and poor high rate capability at room temperature [22]. In this study, we have investigated the performance of the trigonal phase of MVO (t-MVO) as the cathode for rechargeable Al batteries, with AlCl3–[BMIm]Cl as the IL electrolyte, comparing its performance to the previously reported o-MVO. Both o-MVO and t-MVO oxide materials have a layered structure along the c-axis, while the arrangement of atoms in the a-a or a-b planes differs for the crystalline samples. These layers are stacked together by corner sharing an M-O-M (M = Mo or V) bond, giving rise to a framework structure with three-, six-, and seven-membered channels. Our results, for the o-MVO phase, conform to an earlier study and exhibit poor stability and low coulombic efficiency. By contrast, we find that the tri-phase displays much stabler performance, higher coulombic efficiency, and better rate capability than the ortho polymorph [22]. Our results suggest that the difference in performance between the two polymorphs stems from different synthesis conditions, which leads to a lower amount of residual moisture in the tri-phase of MVO, leading to better stability than the ortho phase [37]. Lastly, we demonstrate that the first cycle for the t-MVO || AlCl3–[BMIm]Cl || Al should be a charge cycle rather than a discharge cycle.




2. Experimental Methods


2.1. Material Synthesis


Preparation of trigonal Molybdenum Vanadium Oxide: HPLC-grade water was used throughout the synthesis of MVO unless otherwise specified. t-MVO was synthesized via the traditional hydrothermal synthesis method. First, 50 mM of Ammonium heptamolybdate (NH4)6Mo7O24·4H2O (Sigma Aldrich, St. Louis, MI, USA, > 99%) was dissolved in 40 mL water and stirred vigorously in a sealed round-bottom flask, which was degassed and then purged with N2 for 10 min. Next, 12.5 mM Vanadyl sulfate VOSO4·nH2O (Sigma Aldrich, USA, 97%) dissolved separately in 40 mL water was then added dropwise using a syringe. The solution was left stirring for another 20 min under N2 bubbling atmosphere (to avoid excess O2), post which a dark purple solution was obtained. The pH of the resulting solution was adjusted to ~2.2 using 2 M H2SO4. The solution was stirred for another 10 min and then quickly transferred to a Teflon-lined stainless steel autoclave for the hydrothermal reaction. The reaction was carried out at ~175 °C for 20 h in an oven and reactor was left to cool down overnight. The solution was vacuum filtered and was allowed to dry overnight at ~80 °C in a vacuum oven. The filtered product was treated with 0.4 M oxalic acid at ~60 °C for half an hour to remove any amorphous impurities. The oxalic acid treated powder was vacuum filtered and dried overnight in a vacuum at ~80 °C and, subsequently, the powder was calcined at ~400 °C for 2 h to remove residual H2O and N   H 4 +    molecules. The furnace was then allowed to cool down naturally. Synthesis of ortho phase followed a similar procedure except pH adjustment was not required and the reaction time was 48 h.



Preparation of the IL electrolyte: Anhydrous aluminum chloride AlCl3, (Alfa Aesar, Haverhill, MA, USA 99.999%) and 1-butyl-3-methylimidazolium chloride [BMIm]Cl, (Alfa Aesar, Haverhill, MA, USA 95%) salts were used as sources of the ILs. Both AlCl3 and [BMIm]Cl, being highly hygroscopic, were handled inside the glovebox. [BMIm]Cl was baked at ~130 °C for 12 h on a hot plate inside the argon-filled glovebox to remove the residual moisture. The reaction between AlCl3 and [BMIm]Cl is highly exothermic and, consequently, to avoid a sudden rise in the temperature, the ILs were prepared by slowly adding anhydrous AlCl3 to the [BMIm]Cl under continuous stirring. The mole ratio of AlCl3 to [BMIm]Cl for this study was kept at 1.1. The resulting light-yellow transparent solution was left to stir overnight.




2.2. Electrochemical Measurements


The electrodes were prepared by grounding the calcined oxide powder with Super P in ratio of 5:1, then poly(vinylidene fluoride) (PVDF) pre-mixed in N-methyl-2-pyrrolidone was added such that the net composition of the slurries become 75:15:10 for the active material: Super P: PVDF. The slurry was mixed using a shear mixer at ~2000 rpm for ~20 min. The slurry was then coated on a Ti foil using a doctor blade, dried in ambient conditions for 2–3 h, and then dried at 120 °C under vacuum for 12 h. Electrochemical tests were performed with a two-electrode setup on CR2032-type coin cell inside an Ar-filled glovebox (MBraun Labstar) with < 1 ppm H2O and O2. Whatman Glass Fiber (GF/D) filter paper was used as separator, metallic Aluminum (Alfa Aesar, Haverhill, MA, USA, 99.999%, 0.25 mm thickness) was used as a counter and reference electrode, and AlCl3–[BMIm]Cl IL as the electrolyte. Ti foils were used as liner material inside the stainless steel casing to prevent corrosion from the acidic electrolyte. Galvanostatic charge-discharge tests were performed using Arbin BT2000 battery instrument within a voltage window of 0.02 V to 2.4 V. Cyclic voltammetry was conducted at room temperature within the same voltage range using Gamry Reference 3000 potentiostat (PA, USA).




2.3. Material Characterization


To determine the crystal structure of the different polymorphs of MVO particles, X-Ray diffraction (Panalytical X’pert PRO MPD system (USA) with Cu Kα radiation (λ = 1.54 Å)) was performed in a 2-theta range of 5° to 60° and a step size of 0.04°. The morphology of the powder as well as the electrode samples were analyzed by scanning electron microscopy (SEM), and elemental distribution spectroscopy (EDS) mapping was conducted on a Carl Zeiss Supra 55 field emission SEM. X-Ray photoelectron spectroscopy (XPS) was conducted on a PHI 5000 Versa probe system (MN, USA) equipped with Al Kα radiation (~1486 eV). For the ex-situ analysis, all the cycled cells were disassembled inside the Ar-filled glove box and the electrodes were washed with Methanol and dried for 2 h on a hot plate at ~80 °C before further characterization. Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50 thermogravimetric analyzer with a heating rate of ~2 °C min−1 in air atmosphere. The Raman spectra were taken using 3 mW of 532 nm laser as excitation source and 100 s of integration time using Andor Shamrock SR-500i (EU) imaging spectrometer.





3. Results and Discussion


MVO powders were synthesized via traditional hydrothermal synthesis using polyoxometalate (POM)-based chemistry, as described in the literature [37,38]. A schematic of the overall process is shown in Figure 1a and described in detail in the Experimental Methods section. Here, Mo6O21 is the building block, and different reaction conditions such as pH, time, temperature, and pressure lead to the formation of different final structures. t-MVO is obtained by tuning the pH of the mixed solution of Ammonium heptamolybdate and Vanadyl sulfate to ~2.2 with a reaction time of 20 h. To obtain the ortho phase, a reaction time of 48 h is required without tuning the pH of the solution. The insets in Figure 1b,c show the crystal structure of t-MVO and o-MVO. Both polymorphs exhibit large “hexagonal” and “heptagonal” pores (5–6 Å), which can possibly accommodate bulky Al    Cl  4 −    anions.



X-ray diffractograms shown in Figure 1b,c confirms the formation of the desired phase. Two diffraction peaks at ~22.2° and 45.3° were observed for both samples. These are characteristics of (001) and (002) planes indicating a layered structure (along the c-axis) with the same lattice distance of about ~0.4 nm. The peaks at a low angle (<10°) differentiate both materials and highlight the different arrangement of atoms in the a-b plane (inset pictures of Figure 1b,c). The trigonal MVO shows two characteristic peaks at 8.3° and 9.5° corresponding to the (110) and (200) planes, while the orthorhombic MVO displays three characteristic diffraction peaks at 6.6°, 7.9°, and 9.0°, corresponding to (020), (120), and (210) planes as reported earlier in the literature [39,40]. The a-b planes in both materials are connected by M−O−M (M = Mo or V) bonds along the c-axis.



The scanning electron micrographs of the as-prepared electrodes are shown in Figure 1d,e. Both the tri- and ortho polymorphs of MVO are long rods with lengths ranging from ~4 to 10 μm and diameters ranging from ~400 to 700 nm. To understand the distribution of Mo, V, and O, elemental EDS maps were constructed as shown in the insets of Figure 1d,e. The results clearly demonstrate the uniform distribution of Mo, V, and O in both compounds. The valence of Mo and V was analyzed by XPS. The XPS survey spectra of both the polymorphs (Figure S1a,b) show almost an identical spectrum. As will be discussed later, the high-resolution Mo 3d spectra of both the o-MVO and t-MVO phases in pristine electrodes indicate Mo to be present in +6 and +5 oxidation states, whereas the high-resolution V 2p spectra indicate V to be in +5 and +4 oxidation states. Raman spectroscopy of both materials was also conducted to analyze their vibrational modes. The obtained spectra are shown in Figure S2. In both t-MVO and o-MVO, a main band at ~870 cm−1 was observed, indicating the presence of pentagonal {Mo6O21} units. Two weak bands at 820 cm−1 and 980 cm−1 were also observed, which can be assigned to Mo−O−Mo vibrations and Mo=O and/or V=O vibrations, respectively [41,42,43].



Electrochemical tests were performed on a CR 2032 stainless steel coin cell setup with Ti foil as a liner to prevent corrosion of the stainless steel casing from the acidic IL electrolyte. Al foil was used as a counter and reference electrode. A schematic drawing of the working Al/MVO cell during the discharge cycle is shown in Figure 2a. On the cathode side, Al    Cl  4 −    de-intercalates from the MVO host, while at the anode Al    Cl  4 −    and metallic Al are transformed into     Al  2    Cl  7 −   . Figure 2b represents the cyclic voltammogram (CV) of the t-MVO, carried out at a scan rate of 0.1 mV s−1. During the first anodic scan, the CV profile shows a broad peak at ~1.34 V, while in the subsequent cycles, the anodic peak appears at a lower voltage of ~0.9 V. We hypothesize that this initial high activation potential corresponds to resistance to insertion of the bulky Al    Cl  4 −    anions into the host MVO structure. Once the pores are activated, the resistance to the insertion decreases, and, correspondingly, the insertion potential decreases to ~0.9 V. The broad peak corresponds to the reduction of Mo and V, as discussed later. On the cathodic side, the peak appears at ~0.45 V. The CV profiles overlapped well after the first few cycles suggesting good reversibility. For the ortho phase, we observed a similar behavior, however, the CV profiles do not overlap suggesting poor reversibility (Figure 2c). At a higher scan rate of 0.5 mV s−1 (Figure S3), the separation between the anodic and cathodic peaks increases but the CV profiles still overlap for t-MVO, suggesting reversible behavior even at a higher rate. The galvanostatic charge-discharge curves at 0.4C (1C = 170 mA g−1) for t-MVO and o-MVO are shown in Figure 2d,e, respectively. The results correspond well with the results observed from the CV profiles. The initial insertion plateau at a high voltage (~1.2 V) for both phases corresponds to the activation of the electrode and, subsequently, this insertion plateau appears at a lower voltage of ~0.8 V. The voltage profile for t-MVO shows good reversibility with overlapping plateaus during subsequent charge-discharge cycles, while the o-MVO phase displays poor reversibility as indicated by non-overlapping charge-discharge curves. We would also like to highlight from our results that in the case of MVO || IL || Al, the first cycle is a charge wherein the Al    Cl  4 −    ion inserts into the pores of the MVO, and on discharge the Al    Cl  4 −    de-inserts from the cathode. This is supported by the near negligible discharge capacity (~25 mAh g−1) if the first cycle is a discharge cycle (Figure S4), while the first discharge capacity is seven times higher (~180 mAh g−1) when the first cycle is a charge cycle.



The cyclic stability of both materials at a rate of ~0.4C is shown in Figure 3a. In both cases, there is a slight increase in the initial capacity, which can be attributed to the electrode activation. Although the ortho phase displays a higher initial capacity, it shows a rapid capacity fade with cycling, while the tri-phase shows a relatively stable performance. Such rapid capacity fade for the o-MVO phase is also reported by Kaveevivitchai et al. (Figure S5) [22]. Table S1 compares t-MVO with other related cathode materials for Al-ion batteries. While the majority of reported materials show either high specific capacity or low fade rate, t-MVO stands out in its ability to deliver both high specific capacity and low fade rate [22,29,32,44,45,46,47,48,49,50,51,52,53,54,55,56]. Figure 3b shows the coulombic efficiency (CE) results for the data shown in Figure 3a. For the tri-phase, the CE remains stable in the range of 93–95%, while the CE for the ortho phases fluctuates between 85 and 92% and then rapidly decreases to below 70%. Lower CE implies a lack of reversibility, which correlates with the rapid capacity decline for the ortho phase. Even at a higher charge-discharge rate of 1C, a similar trend in the CE is observed with the tri-phase, displaying a stable CE of > 97%, whereas the CE of the ortho phase is much lower and fluctuates between 90 and 95% as shown in Figure S6. This CE behavior clearly demonstrates greater irreversibility for the ortho phase than the tri-phase.



We further investigated the rate capability of both phases. At a low rate of 0.2C, the tri-phase displays a high specific capacity of ~225 mAh g−1 as indicated in Figure 3c. At higher rates of 0.4C, 0.6C, 0.8C and 1C the tri phase exhibits a stable capacity of ~190 mAh g−1, ~150 mAh g−1, ~130 mAh g−1, and ~116 mAh g−1, respectively. A capacity of ~216 mAh g−1 is achieved when the rate is reduced to 0.2 C again. On the contrary, the ortho phase (Figure 3d) displays a high specific capacity of ~246 mAh g−1 at 0.2 C but decreases rapidly as the rate is increased. It exhibits a capacity of ~180 mAh g−1, ~116 mAh g−1, ~76 mAh g−1, and ~59 mAh g−1 at the rates of 0.4C, 0.6C, 0.8C and 1C, respectively. As the rate is decreased to 0.2C, the ortho phase is only able to attain a specific capacity of ~130 mAh g−1, which further demonstrates the irreversible nature of the ortho phase.



To understand Al    Cl  4 −    intercalation in the host MVO and the changes in the valence of Mo and V during charging and discharging, ex-situ XPS analysis of the cycled electrodes was conducted after three charge-discharge cycles. Figure 4a–c shows high-resolution Mo 3d spectra of the pristine, charged and discharged t-MVO electrodes. As mentioned earlier, in the pristine electrode, Mo is found to be in +6 (~232.90 eV) and +5 (~232.50 eV) oxidation states. Upon charging, Mo undergoes reduction to a lower oxidation state and a new peak appears at ~230 eV (+4 oxidation state). A lowering in the intensity of the higher oxidation peaks is also observed. Upon discharging, the higher oxidation state is mostly regained, however, some Mo is still found to be in the lower oxidation state. We attribute this to Al    Cl  4 −    trapped in the smaller trigonal voids (see insets in Figure 1b,c). Figure 4d–f shows high resolution spectra of V 2p for t-MVO. In the pristine electrode, the V is found predominantly to be in the +5 (~517.30 eV) oxidation state with some V also present in the +4 (516.30 eV) state. Upon charging, an increase in the intensity of the lower oxidation state is observed with a corresponding decrease in the higher oxidation state. Upon discharging, V is predominantly found to be in the higher oxidation state; however, similar to Mo, the intensity of the lower oxidation state is higher than the pristine electrode, which can again be attributed to Al    Cl  4 −    being trapped in the smaller voids. Figure 4g shows the high-resolution Al 2p spectra. As expected, the pristine electrode shows no signal for Al, while upon charging a significant increase in the Al intensity was observed. The residual Al observed in the discharged state further corroborates the fact that some Al    Cl  4 −    is trapped in the trigonal voids. Ex-situ XPS analysis of the cycled o-MVO electrode (after three cycles) was also conducted, and results are shown in Figure S7. Similar to the tri-phase, upon charging, both Mo and V undergo reduction from higher to lower oxidation states, and upon discharging the higher oxidation states are mostly recovered, with some fraction of Mo and V present in a lower oxidation state due to Al    Cl  4 −    being trapped in smaller trigonal voids.



To verify Al    Cl  4 −    insertion into MVO during cycling and to understand the elemental distribution of Mo, V, Al, and Cl inside the MVO rods, EDS mapping of the cycled electrode was conducted. Figure 5 and Figure S8 show the SEM micrograph and corresponding EDS maps of the charged t-MVO and o-MVO electrodes after five charge-discharge cycles. In addition to the uniform distribution of Mo and V, Al and Cl are also observed to be uniformly distributed in the cycled electrodes compared to pristine electrodes (Figure 1d,e) where no Al or Cl signals are observed. The SEM image of the cycled electrodes also attests to the fact the electrode structure remains intact during the battery operation.



Based on the above results, the one major attribute differentiating the performance of t-MVO and o-MVO is the coulombic efficiency (CE), which directly affects the capacity fade. Ex-situ XPS analysis shows a similar change in the chemical state for t-MVO and o-MVO during charging and discharging, and SEM analysis does not display any major changes to the morphology of the particles after cycling. Hence, to understand the cause of this difference in CE behavior, we carried out a thermogravimetric analysis of the t-MVO and o-MVO powder samples. The result (shown in Figure 6) indicates that the ortho phase has a higher tendency to retain moisture than the trigonal phase. We hypothesize that the difference in the synthesis conditions (pH and reaction time) was the cause of this difference. The reaction of residual moisture with the IL electrolyte is expected to negatively impact the CE and cycling stability performance of o-MVO relative to its t-MVO counterpart.




4. Conclusion


In this study, we have reported the use of t-MVO as a high-capacity, high-rate capability host material for chloroaluminate anion intercalation. The open-tunnel framework materials were synthesized by traditional hydrothermal processing using polyoxometalate-based chemistry. The ortho phase (o-MVO) displayed similar results as reported earlier, with a rapid capacity fade at room temperature; however, the tri-phase demonstrated better reversibility, higher coulombic efficiency, and improved rate capability than its ortho counterpart. At a charge-discharge rate of ~0.4C, t-MVO delivered a specific capacity of ~190 mAh g−1 with a fade rate per cycle of ~0.125%. Electrochemical measurements, followed by ex-situ analysis, confirmed the reversible insertion/de-insertion of Al    Cl  4 −   , which may be attributed to big hexagonal and heptagonal pores (tunnels) that are ubiquitous in the MVO compounds and the minimal presence of residual moisture in the t-MVO electrode. These results indicate the promise of t-MVO as a high-performing cathode material for rechargeable Al-ion batteries. Future work should focus on in-situ XRD and TEM characterization to further confirm reversible Al    Cl  4 −    intercalation into the hexagonal and heptagonal pores in t-MVO, as well as irreversible entrapment of Al    Cl  4 −    in the smaller trigonal voids.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/batteries9020092/s1, Figure S1: XPS Analysis of the pristine electrodes. (a,b) Survey spectra of trigonal and orthorhombic electrode. Figure S2: Raman spectra of annealed orthorhombic and trigonal Mo3VOx powder samples. Figure S3: Cyclic voltammogram of trigonal phase at a high scan rate of 0.5 mV s−1. The overlapping of curves after 2nd cycle demonstrates the reversible nature of tri-electrode at higher rate. Figure S4: Discharge capacity comparison. The black curve shows near negligible capacity (~25 mAh g−1) when the first cycle is discharge cycle whereas the red curve shows almost an order of magnitude higher discharge capacity (~180 mAh g−1) when the first cycle is charge cycle. This signifies that during the charge cycle the Al    Cl  4 −    from the electrolyte intercalates into the MVO electrode and during the discharge cycle the Al    Cl  4 −    de-intercalates from the MVO electrode. Figure S5: Capacity retention performance of the ortho phase at current density of 20 mA g−1. (data obtained from ref [22]). Figure S6: Coulombic efficiency comparison of the t-MVO and o-MVO at a charge-discharge rate of 1C (1C = 170 mA g−1). The trigonal phase demonstrates a stable CE of > 97% throughout the cycles while for the ortho phase the CE shows an unstable behavior with CE fluctuating in the range of 90-95%. Figure S7: Ex-situ XPS analysis of the cycled o-MVO electrode in charged state (after 5 cycles). (a−c) High resolution Mo 3d spectra of electrode in pristine, charged (2.4 V), and discharged (0.02 V) state. (d-f) High resolution V 2p spectra of electrode in pristine, charged, and discharged state. Figure S8: Ex-situ SEM and corresponding EDS mapping of the cycled o-MVO electrode in charged state. Al and Cl are observed to be uniformly distributed throughout the rod signifying participation of both Al and Cl during electrode cycling (scale bar: 2.5 μm). Table S1. Comparison of electrochemical behavior of different candidate materials for non-aqueous rechargeable aluminum-ion batteries.
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Figure 1. Synthesis and characterization of t-MVO and o-MVO samples: (a) Schematic of the overall synthesis process; X-Ray diffraction pattern of annealed trigonal (b) and orthorhombic (c) powder samples (inset (b,c) shows crystallographic structure of respective phases); scanning electron micrographs of assembled trigonal (d) and orthorhombic (e) electrodes (inset shows EDS maps of the distribution of Mo, V, and O throughout the rods). Scale bar is 5 μm. 
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Figure 2. Electrochemical characterization of MVO cathode: (a) Schematic drawing of Al/MVO cell during discharge; cyclic voltammogram of t-MVO (b) and o-MVO (c) at a scan rate of 0.1 mV s−1 in 0.02–2.45 V range; galvanostatic charge-discharge curves for t-MVO (d) and o-MVO (e) at a rate of 0.4C (1C = 170 mA g−1). 
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Figure 3. Cyclic stability and rate capability of MVO cathode: (a) Gravimetric specific capacity comparison of tri- and ortho phase at 0.4C rate; (b) coulombic efficiency comparison of tri- and ortho phase at 0.4C rate; (c,d) rate capability performance of the tri- and ortho phases (1C = 170 mA g−1). 
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Figure 4. Ex-situ X-ray photoelectron spectroscopy analysis of cycled (3 cycles) t-MVO electrodes: (a–c) High-resolution Mo 3d spectra of electrode in pristine, charged (2.4 V), and discharged (0.02 V) states; (d–f) High-resolution V 2p spectra of electrode in pristine, charged, and discharged states; (g) High-resolution Al 2p spectra in pristine, charged, and discharged states. The appearance of Al 2p during charge and presence of small amount of Al 2p during discharge signifies that some amount of Al 2p is possibly trapped in the small trigonal voids of the t-MVO electrode. 






Figure 4. Ex-situ X-ray photoelectron spectroscopy analysis of cycled (3 cycles) t-MVO electrodes: (a–c) High-resolution Mo 3d spectra of electrode in pristine, charged (2.4 V), and discharged (0.02 V) states; (d–f) High-resolution V 2p spectra of electrode in pristine, charged, and discharged states; (g) High-resolution Al 2p spectra in pristine, charged, and discharged states. The appearance of Al 2p during charge and presence of small amount of Al 2p during discharge signifies that some amount of Al 2p is possibly trapped in the small trigonal voids of the t-MVO electrode.



[image: Batteries 09 00092 g004]







[image: Batteries 09 00092 g005 550] 





Figure 5. Ex-situ SEM and corresponding EDS mapping of the cycled (5 cycles) t-MVO electrode in the charged state. Uniform distribution of Al and Cl is clearly visible in the mapping. This signifies participation of Al and Cl during electrode cycling (scale bar: 2.5 μm). 
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Figure 6. Thermogravimetric analysis of the tri- and ortho powder sample at a rate of 2 °C/min. The water retention capacity of the ortho phase is significantly higher than that of the tri-phase. 
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