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This systematic review covers the developments in aqueous aluminium energy storage technology from 2012, including primary and secondary battery applications and supercapacitors. Aluminium is an abundant material with a high theoretical volumetric energy density of –8.04 Ah cm−3. Combined with aqueous electrolytes, which have twice the ionic storage potential as non-aqueous versions, this technology has the potential to serve many energy storage needs. The charge transfer mechanisms are discussed in detail with respect to aqueous aluminium-ion secondary batteries, where most research has focused in recent years. TiO2 nanopowders have shown to be promising negative electrodes, with the potential for pseudocapacitive energy storage in aluminuim-ion cells. This review summarises the advances in Al-ion systems using aqueous electrolytes, focusing on electrochemical performance.
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1 INTRODUCTION
Sustainable economies depend on the increasing reliability and use of energy storage (UK Government, 2008; Tang et al., 2013; IPCC et al., 2014; UK Government, 2019; Larcher and Tarascon, 2015). Many energy storage devices are available. However, Li-ion battery technology has accelerated the development of portable devices, electronic vehicles, and grid storage in the last 2 decades (Narins, 2017). Currently, this technology is hard to recycle and relies on sparse and often politicised resources (Prior et al., 2013; Maxwell, 2015; Huang et al., 2018; Ciez and Whitacre, 2019). In order to further our sustainable development, it is important to co-develop our batteries to be easier to recycle and have a lower environmental footprint. In this review, aluminium-based batteries operating with an aqueous electrolyte are evaluated as one such battery technology.
Secondary aluminium-ion (Al-ion) batteries have not reached wide-scale commercial viability yet and are often grouped together with other multivalent metal ion systems in the literature (such as Mg and Ca) (Larcher and Tarascon, 2015; Chao et al., 2020). However, aluminium is the most abundant metal in the Earth’s crust (8.1% wt) and the third most abundant element (CHEMnetBASE, 2016). There are already established mining, production, and recycling industries for aluminium (Butterwick and Smith, 1986; USGS, 2020), hinting at an easy and sustainable development roadmap ahead for utilising Al-ion technology within a circular economy.
The electronic configuration of aluminium is 1s2 2s2 2p6 3s2 3p1. The first three ionisation energies for aluminium are 578, 1817, and 2,745 kJ mol−1, while subsequent ionisation energies are a greater order of magnitude. The Al3+ ion has the same stable electronic configuration as atomic neon and is the most common valence state for aluminium. This trivalent Al3+ ion is, therefore, capable of three electron transfers per ion, unlike lithium’s monovalent Li+; that is, one Al-ion is equivalent to three Li-ions in terms of charge transfer. While this review is not a direct comparison with Li-ion technology, it is useful to understand where Al-ion sits with regard to the present industry leader.
The ionic radius of Al is slightly smaller than Li, leading to a high charge density, meaning more charge transfer can occur with no increase in a physical restriction to electrodes. Additionally, Al has a high density (2.7 g cm3 at 25°C), which leads to a volumetric energy density of almost four times lithium, 8.04 Ah cm−3 and 2.06 Ah cm−3, respectively (Das et al., 2017; Elia et al., 2021; Faegh et al., 2021). Metallic Al also has a high theoretical capacity and density (2,981 mA h g−1 and 4,140 Wh kg−1, respectively). This, combined with the high abundance, safety, and well-established recyclability, makes the Al-ion a great all-rounder as a charge carrier.
Two challenges arise with the higher charge density for intercalation-type processes: 1) the high charge density means it is difficult for Al3+ to lose its coordinating ligands in the solvated state and 2) while intercalating, the Al3+ ions can distort the lattice structure of electrodes. The former negates the advantage of the small ionic radius of Al3+, while the latter can reduce the lifetime significantly as the lattice distortions accumulate with each cycle.
This review will cover three types of electrochemical energy storage devices utilising aluminium ions in aqueous electrolytes: rechargeable batteries, non-rechargeable batteries, and capacitors. The capacitor section will include devices named supercapacitors, ultracapacitors, capatteries, and cabatteries. The key component in defining a capacitor, for the purpose of this review, is that the primary form of energy storage is through charge separation. Capatteries are defined as a capacitor that shows faradaic redox reactions in addition to the charge separation. Cabatteries primarily are batteries in which the double layer capacitance has a significant role in the charge storage. In recent years, the number of original research published on aqueous aluminium energy storage has increased significantly. Figure 1 shows that, from the single paper published by Liu et al. (2012), there were 77 total publications by the end of 2020.
[image: Figure 1]FIGURE 1 | Cumulative number of original research papers published in English from 2012 to 2020 (assessed through Google Scholar search).
Batteries are electrochemical storage devices relying primarily on the faradaic redox reaction as a means of charge storage and transfer. Secondary batteries, which facilitate reversible redox reactions, can be charged/discharged multiple times throughout their lifetime. These are rechargeable batteries. Primary batteries are non-reversible and thus can only be discharged a single time in their lifetime (i.e., non-rechargeable).
2 AQUEOUS ELECTROLYTES
An aqueous electrolyte uses water as the solvent for various ionic salts. These electrolytes are often safer than ionic liquids, or non-aqueous electrolytes, due to their low flammability and ease of handling (Chao et al., 2020). Ionic electrolytes, such as those in lithium-ion batteries, can emit volatile, flammable, and toxic solvents when punctured, as well as being hazardous to work with for second-life or recycling applications (Christensen et al., 2021; Larsson et al., 2018). The solvent in aqueous electrolytes, water, is low cost, is widely available, and does not require complex manufacturing or storage (compared to other electrolytes) (Gür, 2018). This already shows advantages in the economic and social (safety) aspects of battery development. However, while cheaper in absolute terms, when considering cost per kW or kWh, it is not yet comparable to non-aqueous commercial batteries. Commercial non-aqueous Li-ion batteries production is expected to cost $362/kWh, $1,446/kW in 2025 (Mongrid et al., 2019), compared to an aqueous commercial Pb-acid battery, which is expected to cost $464/kWh, $1845/kW (United States Department of Energy, 2019).
There are performance reasons for not using aqueous electrolytes. The main reason is the narrow electrochemical stability window (ESW) of water, about 1.23 V. Beyond this point, water electrolysis occurs, and the H2O decomposes into its constituent parts (Zhang H. et al., 2020). This would limit the energy density of cells constructed in this manner. However, research establishes that a diluted aqueous electrolyte can have an ESW of up to 2 V and even higher with different salt concentrations, promising further development (Suo et al., 2015). A comparison of ESWs for other electrolytes is shown in Table 1. Lithium salts in an ionic liquid are used in Li-ion commercial batteries today. They have a high ESW and can, therefore, deliver higher voltages with fewer cells in series. Polymer and gel-type electrolytes are still in their development stage and offer the advantage of a high ESW with lower flammability. However, they are currently not used commercially. From Table 1, the aqueous WISE (water in salt electrolyte), in which the salt is saturated, have the potential for higher ESWs, but they are still in the development phase.
TABLE 1 | Typical ESW for certain electrolytes
[image: Table 1]Regardless of this low ESW, there is still high demand for aqueous electrolyte development. The potential ionic storage of such electrolytes is two orders of magnitude higher than that of organic non-aqueous electrolytes, which could enable far higher power capability (Zhang H. et al., 2020). There has been an increase in aqueous electrolytes studied for Zn-ion (Wu B et al., 2021; Javed et al., 2020), Na-ion (Jin T. et al., 2021; Tapia-Ruiz et al., 2021), and Li-ion batteries (Cresce and Xu, 2021).
Other limiting factors not bespoke to aqueous electrolytes also apply. Corrosion of electrodes is likely in protic electrolytes, while dendrite formation on electrodes is more likely in alkaline electrolytes (Zhang H. et al., 2020; Chao et al., 2020). These both limit lifetime and discharge voltage obtained over time.
Furthermore, in terms of sustainability, the energy density obtained is not the most key factor. Long-lasting, reliable, safe, cost-effective, and scalable designs are far more critical. Therefore, the narrow ESW, while being widened as new research is published, is by no means a reason to disregard aqueous electrolytes (Posada et al., 2017).
It is near impossible to fully evaluate the aqueous electrolyte in isolation. It forms part of a complex system. With regard to aluminium, few materials have been identified as suitable electrodes that can both operate within the ESW and accommodate the large charge density. Thus, the number of suitable electrodes is being added currently, and this review will discuss some key developments in electrode material and the charge and degradation mechanisms found.
3 MECHANISM IDENTIFICATION IN SECONDARY BATTERIES
The following section discusses aqueous Al-ion secondary batteries, specifically the negative and positive electrode materials that have been studied, their reported performance, and the charge storage mechanisms involved. The most common electrode materials and electrolytes studied are presented in Figure 2, with detailed tables summarising key findings in Supplementary Table S1 for negative electrode materials and Supplementary Table S2 for the positive electrode materials.
[image: Figure 2]FIGURE 2 | Key materials studied in aqueous Al-ion batteries.
3.1 Negative Electrode
The negative electrode always has a more negative potential than the positive electrode when in a full cell. Sometimes this is referred to as the anode. However, for secondary cells, because both reduction and oxidation take place at the electrode depending on whether the cell is discharging or charging, it can be confusing to refer to it as the anode. Hence, the negative electrode will be used throughout this section. Supplementary Table S1 summarises the materials that have, to date, been studied as a negative electrode for an aqueous aluminium-ion cell. It is important to understand the difference between electrodes tested as ‘half-cells’ and full cells in terms of the capacities and fade values ascertained. For a half-cell, only the electrode testing will influence the capacity and fade characteristics reported. However, with a full cell, both the positive and negative electrodes will have an influence and the reported capacities are for the whole cell, not just the electrode highlighted in the table. For example, Holland et al. (2018a) studied TiO2 in a full cell with a copper hexacyanoferrate (CuHCF) positive electrode and found a cycle life of 1,750 cycles and a Coulombic efficiency of ∼90%. However, in a half-cell with the same conditions, 5,000 cycles were possible with ∼99% Coulombic efficiency (Holland et al., 2018b). Most studies to date have focussed on TiO2 as a negative active material, with MoO3 being the next most cited material. Metallic aluminium, aluminium-alloys, and T-Al (aluminium pre-treated with chloroaluminate melts) have also been proposed. The materials are discussed by type in the following subsections.
3.1.1 Titanium Dioxide
Titanium dioxide (TiO2) is the most researched and well-established electrode within the aqueous aluminium space thus far. Given this, the elucidation of charge transfer mechanisms is expected to be well known, but it is not. Much research focuses on developing an operational electrode or full battery, reporting performance with a little speculation on the exact mechanisms. Therefore, although this is a well-researched area, there are still many unknowns with regard to the exact charge storage mechanisms. There have been suggestions of capacitive surface storage, intercalation, and redox reactions using the redox couple Ti3+/Ti4+ (and non-reversible reactions to Ti2+).
TiO2 has been explored as an electrode in other cell designs. However, it was not reported as an option for Al-ion aqueous cells until 2012, at the earliest by Liu et al. (2012). Liu used TiO2 nanotubes to construct the electrode that the author had previously used for Li-ion aqueous cells (Liu et al., 2011) and a 1 M AlCl3 electrolyte. This half-cell was shown to have a specific capacity of 75 mA h g−1 at 4 mA cm−2, 90% Coulombic efficiency, and a voltage range of 1.1–0.4 V with a discharge plateau between 1.1 and ∼0.8 V (Elia et al., 2021; Liu et al., 2012; Holland et al., 2018b). The method of electrochemical exchange is concluded to be the intercalation of Al3+ into the TiO2, with the resulting reaction including Ti-ions (Ti3+/Ti4+) or a non-reversible reaction to Ti2+. The author discusses the need for further investigation into the specifics. This is an important aspect for further development. If a non-reversible reaction to Ti2+ is occurring, it will reduce the active material available for reactions over time and increase the capacity fade. If the reactions are reversible, then other capacity fade mechanisms may occur, such as lattice structure breakdown. Figure 3 illustrates these two mechanisms.
[image: Figure 3]FIGURE 3 | Illustration of reversible (A) and irreversible (B) reactions on the electrode material.
Following this, in 2014, further development of the TiO2 nanotube array was performed, looking at a variety of aqueous Al-ion electrolytes and concentrations (Liu et al., 2014). This study further investigated the role of Ti-ions in the Al3+ insertion into the electrode. X-ray photoelectron spectroscopy (XPS) confirmed Al on the surface of the electrode after intercalation but did not find evidence of Cl. More supporting evidence of the Ti3+/Ti4+ role was found, with the author concluding that Ti4+ must reduce to Ti3+ where the Al3+ is present on the surface to maintain charge balance. There was also speculation about the additional role of Cl− in the process, confirmed using NaCl as an electrolyte for cyclic voltammetry alongside Al2(SO4)3, which confirmed an assistive role of Cl in the electrochemical reaction (Liu et al., 2014). Again, much research into the exact reaction mechanisms was clearly needed.
Work on Mg-ion aqueous cells, which produce a divalent ion-Mg2+ has also concluded that the redox couple Ti3+/Ti4+ is involved in the charge storage mechanism (Koketsu et al., 2017). The role of oxygen vacancies within the TiO2 electrode increases the insertion of the ions, which in turn increases the overall charge storage and capacity.
Holland et al. (2018a) and Holland et al. (2019) further investigated the role of Ti in the charge storage using anatase TiO2 nanopowder for the basis of the electrode in a 1M AlCl3 electrolyte. Increasing the pH of the electrolyte with HCl increased the redox peaks seen on a CV (Holland et al., 2018b; Holland, 2018). Initial work suggested that the Ti3+/Ti4+ reduction only occurs at more negative potentials (∼-1.3 V SCE) and there is some capacitive charge storage at the interface between electrode and electrolyte. This experiment was repeated to further test the capacitive storage hypothesis, using a vacuum impregnation method to construct the TiO2 nanopowder electrode (Holland et al., 2019). By increasing the contact between the electrode and electrolyte (i.e., using the vacuum impregnation method), Holland et al. found a stable ∼100% Coulombic efficiency up to a specific current of 40 A g−1. Compared with the initial work of ∼100% Coulombic efficiency up to only 7.2 A g−1 (Holland et al., 2018a), this shows the direct impact of increasing contact between the TiO2 and Al3Cl, which is convincing evidence for the pseudocapacitive nature at the interface.
The capacitive nature of the charge storage mechanism is further supported by the self-discharge seen in Al-ion aqueous cells with a TiO2 electrode (Smith et al., 2020). High self-discharge is a trait often seen in capacitors, with batteries and cells often retaining their charge far longer (Afif et al., 2019). Herein, we can find another clue to the pseudocapacitive nature of the charge storage. Given the evidence so far, the primary storage mechanism for Al in TiO2 is most likely a surface reaction involving the redox pair of Ti3+/Ti4+ on the surface of the electrode.
Up until this point, the crystal structure of the TiO2 investigated has been anatase. However, another crystal lattice, rutile, was investigated in 2018 (Tang et al., 2018) as a potential anode material. This computational analysis suggested that the rutile lattice has a far higher diffusion coefficient, D, than that of anatase, ∼10−9 and 10−20 cm2 s−1, respectively. In 2019, a rutile nanopowder was studied as an electrode with 1M Al3Cl electrolyte (Zhao et al., 2019). A solid-phase diffusion of the Al-ions into the TiO2 was seen. Interestingly, for the rutile electrode, the impedance seen increased with time (cycles), whereas it tends to decrease after the initial electrochemical impedance spectroscopy (EIS) for anatase nanopowders (Tang et al., 2018). There is a need then for different studies to explore the precise mechanism with TiO2, considering the crystal structure.
3.1.2 Aluminium and Alloys
The use of Al as the negative electrode is utilised in many ionic-liquid and non-aqueous-based Al-ion systems. Within aqueous electrolytes, a passivating oxide coating forms on the surface of such an electrode, making the aluminium electrochemically inert. In order to overcome this passivating layer, potentials higher than the ESW would be required, which would degrade the electrolyte itself. When looking at an Al electrode, the key mechanism is the plating and stripping of the metal on the surface of such electrode as it charges and discharges. This is a surface reaction and would theoretically have minimal degradation over time if the passivating layer could be controlled.
Recently, Al anodes treated with chloroaluminate melts have shown reduced amounts of the passivation layer and demonstrated full cells using the treated Al (T-Al) anodes (Zhao et al., 2018; He et al., 2019, Wu C. et al., 2019). Combined with MnOx cathodes, three key studies in recent years have shown the plating and stripping of aluminium as the mechanism for charge transfer. However, the capacity fade of these cells is high, about 42% after only 65 cycles (He et al., 2019, Wu C. et al., 2019). This indicates that degradation within the electrolyte is still occurring, with the passivating layer still forming over time.
Using a Zn-Al alloy to reduce the passivation layer has been shown by Yan et al. (2020). The Zn seemed to prevent a build-up of a passivating layer, while the Al-ions prevented Zn dendrites from forming. Both the plating and stripping of Al were seen on the surface, as well as an electrostatic/capacitive mechanism.
A recent study looking at Al foil with a KNCHF positive electrode ascribed the capacity fade (∼43% after 500 cycles) to the dissolution of nickel into the electrolyte (Gao et al., 2020). This then reacted with the Al electrode, creating an unstable electrode-electrolyte-interface, which could be seen clearly in XRD and through studying the increase in Ni quantity within the electrode over time. This shows that correct electrode pairing is vitally important in creating a viable Al-ion cell.
3.1.3 Molybdenum Oxides
Molybdenum oxides have also been investigated as a negative electrode. In 2019, Lahan and Shyamal (Lahan and Das, 2019a) investigated the role of electrolytes in the performance of MoO3. They concluded that 1 M AlCl3 was the superior electrolyte and found an impressive initial discharge capacity of 680 mA h g−1 at 2.5 A g−1. However, by the 20th cycle, this had dropped considerably to 168 mA h g−1. This then remained stable up to 350 cycles, with no sign of further decaying. This phenomenon was explained by the initial ‘trapping’ of the intercalating Al3+ in the MoO3 structure over the first cycles, an irreversible process occurring alongside the reversible one. Interestingly, in 1 M Al(NO3)3, the authors found an initial discharge of 21,296 mA h g−1 at 2.5 A g−1, which then decayed to 15 mA h g−1 by the 15th cycle. Again, the high initial discharge capacity indicates irreversible side reactions, such as corrosion, which damaged the electrode, leading to the lower stabilised capacity of 15 mA h g−1.
Later work in 2019 and 2020 by Wang et al. (2019), Wang et al. (2020), however, found that 1 M Al(NO3)3 was a suitable electrolyte using MoO3 nanobelts as the electrode material. The two studies show similar CV profiles for this setup and also concur with the profiles reported by Lahan and Das (2019a). Galvanostatic curves were collected for Wang et al. (2019) and Wang et al. (2020), with Wang et al. (2020) showing a more ‘expected’ profile and initial discharge of ∼308–232 mA h g−1 at 1–8 A g−1, two orders of magnitude fewer than those by Lahan and Das (2019a) suggesting that the side reactions were reduced with the nanobelt structure. The profiles shown by Wang et al. (2019) are for MoO3 with a polypyrrole (Ppy) coating and show lower capacities.
There are no cycling data provided for this half-cell setup to compare. However, Wang et al. (2020) used MoO3 to create flexible solid-state cells with a gelatin-PAM electrolyte with 1 M Al(NO3)3, which performed 2,800 cycles with only 13.8% capacity fade seen. The low-capacity fade is another indicator that there were fewer side reactions. The storage mechanisms were discussed in terms of the nanobelt structure and crystallographic plane of the MoO3 (010), favourable for ion intercalation. XRD also showed that the d-spacing increased with Al3+ insertion but went back to the pristine spacing on extraction, implying no permanent structural changes within the electrode, which may explain the long cycle life (Wang et al., 2020). Further work introducing tantalum to the MoOx and creating a nanotube array electrode also suggests long cycle life (3,000 cycles with 17% capacity fade) (Jin B. et al., 2021).
3.2 Positive Electrode
The positive electrode, for secondary cells, is the material that has a higher potential when in a full cell. Supplementary Table S2 summarises the materials that have, to date, been studied as positive electrodes for an aqueous aluminium-ion cell. As with the previous section, half and full cell data are listed.
3.2.1 Vanadium Containing Electrodes
Vanadium oxides have been explored as cathodes or positive electrodes in various metal-ion cells (Song et al., 2018). More recently, aqueous Zn-ion cells have shown promise with a V2O5 electrode (Javed et al., 2020).
Vanadium pentoxide xerogel (xero-V2O5) was first studied in aqueous Al-ion cells in 2016 (González et al., 2016). Using an electrolyte of 1 M AlCl3, it was shown that a discharge capacity of 120 mA h g−1 at 60 mA g−1 could be achieved. With increasing current densities, however, the performance suffered 20 mA h g−1 at 200 mA g−1. This suggests that the reaction at the electrode is diffusion controlled. The authors suggest that both protons and Al-ions intercalate into the electrode simultaneously during discharge. It is already known that, within the interlayers of xero-V2O5, pronated water and charged ions (such as Al3+) can be easily exchanged when in an aqueous media (Znaidi et al., 1989). Therefore, the ion exchange process may be happening alongside the intercalation. During charging, this ion exchange may trap the Al-ions within the electrode structure and reduce the overall available capacity. This may be a reason for the high fade seen (∼38%) after only 12 cycles (González et al., 2016). Further, the intercalation of protons from the water can reduce vanadium oxide, limiting the discharge capacity.
Kumar et al. (2019) investigated FeVO4 as a cathode material, again with an electrolyte of 1 M AlCl3. However, in this study, ammonium hydroxide was added to the electrolyte to increase the pH to 3.5. The increased pH showed a high specific capacity of 350 mA h g−1 at 60 mA g−1. Initial conclusions from this study were that aluminium was reacting reversibly with the cathode. However, the exact mechanisms were complex. The study concluded that there were reactions between the cathode and Al3+ and with the electrolyte itself. The rapid fading of this cell of 85% after 20 cycles is indicative of the parasitic reaction of the cathode with the electrolyte: loss of vanadium as V5+ to the electrolyte. These reactions also show a phase change of the cathode material, from a triclinic lattice to a more symmetrical system. There is some speculation about the reversibility of this change. Overall, the need for an EEI (electrode-electrolyte interface) layer is discussed to reduce the parasitic reaction and maintain the high specific capacities found.
More recently, bronze-type vanadium dioxide holey nanobelts (B-VO2) have been studied as a positive electrode. The nanobelts act like layers, and the holey nature increases the surface area of the electrode, allowing easier, shorter diffusion paths for the Al-ions. When investigated in a 5 M Al (TOf)3 electrolyte, a high capacity of 234 mA h g−1 at 150 mA g−1 was seen and, at higher current densities (1 A g−1), achieved 1,000 cycles with 22.8% fade. Initially, the discharge capacity rose between cycles. This initial rise could be due to the electrolyte taking time to soak into all the electrode pores or irreversible reactions taking place. The key reaction mechanism discussed was the parallel intercalation of Al3+ and H+ into the B-VO2 because of the hydrated Al-ions within the aqueous electrolyte. This is a similar mechanism as suggested for the xero-V2O5 (González et al., 2016). Additionally, the reduction of V4+ to V3+ is seen alongside the intercalation. Similar to Kumar et al. (2019), some vanadium (as V5+) is also seen to dissolve into the electrolyte in the initial cycles.
Further evidence of vanadium dissolution into the electrolyte was found by Zhao et al. (2020) with a V2O5 nanorod cathode. The same fast decaying capacity over cycles was observed and attributed again to the vanadium dissolving into the 2 M Al(OTF)3 electrolyte. The capacity faded from 186 to 20 mA h g−1 at 40 mA g−1 after fifty cycles. A barrier layer of Nafion was then placed on the surface of the electrode to minimise the movement of vanadium into the electrolyte. While the charge/discharge profiles were comparable to the unprotected electrode, the capacity fade was much improved. After 50 cycles, the discharge capacity was still ∼120 mA h g−1 at 40 mA g−1.
In terms of the charge storage, analysis of SEM and EDX data showed that the aluminium may not have been intercalating into the electrode during discharge but forming a soluble product on the surface of the V2O5. Due to the lower pH of this electrolyte (∼2), it was reasonably assumed that H+ was more likely intercalating into the V2O5 with fewer Al3+. This compares well with Kumar et al. (2019), who saw an increase in cell capacity at higher electrolyte pH, and other vanadium studies, which see the proton intercalation occurring alongside Al3+ (González et al., 2016; Cai et al., 2020).
In 2020, a flexible hydrogel electrolyte was used with a VOPO4 electrode to create a flexible battery (Wang et al., 2020). The long cycle life of this battery (2,800 cycles at 1 A g-1) and low-capacity fade (∼13.8%) shows promise for aqueous gel electrolytes combined with vanadium-containing electrodes. The study did not mention any vanadium dissolution into the electrolyte. Due to the long cycle life, it seems reasonable that this was not present. However, a more recent study of VOPO4 in Al(CF3SO3)3 showed a 40% fade after only 40 cycles (Pang et al., 2021). The key charge transfer mechanism was identified as the intercalation of Al3+ combined with the redox pairs V5+/V4+ and V4+/V3+. Interestingly on intercalation, the d-spacing (distance between layers in a crystal lattice) between VOPO4 layers decreased when accommodating the Al3+. Usually, the interlayers have been shown to increase as the Al3+ distorts the lattice to ‘fit’ in Figure 4A. However, in this case, the electrostatic charge of the Al3+ must attract the negative oxygen atoms in the lattice (Figure 4B). This process was confirmed as reversible, with the d spacing returning to pristine condition on deintercalation.
[image: Figure 4]FIGURE 4 | Illustration of lattice accommodation to Al-ions, (A) lattice expanded, and (B) lattice attracted toward ions and contracting.
3.2.2 Prussian Blue Analogues
Prussian blue analogues (PBAs) have the structure AxMFe(CN)6, where A is an alkali metal or alkaline Earth metal and M is a transition metal. PBAs have open lattice frameworks characterised by large ionic channels and interstitial sites. These properties make them good candidates for electrode materials as they can accommodate guest ions within the framework easily. PBAs have been investigated as electrodes for other multivalent ions (Chen et al., 2017; Gheytani et al., 2017; Kong et al., 2014; Wessells et al., 2011).
Copper hexacyanoferrate (KCuFe(CN)6, more commonly abbreviated as CuHCF) was investigated in an electrolyte of 1 M AlCl3 + 1 M KCl (Holland et al., 2018b; Holland et al., 2018c). The presence of Fe in the electrolyte after cycling suggested an irreversible displacement of the Fe from the electrode within the cell. No further spectra or chemical analyses were performed on the electrode sample. Therefore, it is difficult to understand the exact reaction. The Al3+ and K+ ions may have contributed to this displacement during cycling. CuHCF has been used in K-ion cells, citing the intercalation of K+ alongside the reduction of Fe3+ to Fe2+ (Xia et al., 2020; Jiang et al., 2019). In 2019, Wang et al. (2019) investigated a flexible Al-ion cell with a CuHCF positive electrode and MoO3 negative electrode (this work precedes Wanget al., 2020). Prior to building the cell, Al3+ was pre-inserted into the CuHCF electrode. During discharge, a reduction of Fe3+ to Fe2+ was observed, maintaining the charge balance of the electrode as the Al-ions were extracted. Unlike Holland et al. (2018c), there was no mention of the loss of Fe to the electrolyte. Wang et al. used only an aluminium salt electrolyte, unlike Holland et al., who used both Al and K salts. The exact mechanism which led to Fe displacement requires further investigation.
Potassium cobalt hexacyanoferrate (K2CoFe(CN)6) nanocubes have also been studied as a positive electrode in 1 M Al(NO3)3 (Ru et al., 2020). Here, the charge mechanism was identified as Al3+ intercalation into vacant potassium sites within the cubic lattice of the electrode. The corresponding reactions at the electrode to maintain balance are Fe3+/Fe2+, typical of all PBAs so far. A second peak in the CV corresponding to the pair Co2+/Co3+ was also identified. A two-step reaction is therefore possible with a ‘dehydration step’ involved prior to insertion into the lattice. The cycling performance is investigated, with 1,600 cycles performed, with a 25% capacity fade. Through SEM, it was shown that the nanocubic framework had partially collapsed after 1,600 cycles, suggesting that structural changes due to cycling cause capacity decay. The decay may be caused by the large charge density of the Al3+ distorting the structure or the physical size of the ion replacing the K vacancies due to Al’s larger ionic radius. Of further interest, this electrode was examined with other electrolyte salts (AlCl3 and Al2(SO4)2), and the performance was superior with Al(NO3)3. This makes the clear argument that it is not just the choice of the electrode but the appropriate electrolyte that can impact the performance and overall electrochemical mechanisms involved.
Water-in-salt electrolytes (WISE) describe an electrolyte whereby the salt outnumbers the water (solvent) in volume and weight (Suo et al., 2015). When this occurs, the water molecules do not fully solvate ions, and thus there are interionic pairs. This greatly increases the ionic conductivity and increases the ESW for the electrolyte (Suo et al., 2017). Using this approach, a WISE was created with 5 M Al(OTF)3 to investigate FeFe(CN)6 (chemical equation K0.2Fe [Fe(CN)6]0.79·2.1H2O) as an electrode material (Zhou et al., 2019). The ESW was increased from 1.23 to 2.65 V, which facilitated a high specific capacity of 116 mA h g−1 at 150 mA g−1, the highest seen for PBA electrodes currently. The reaction mechanisms within this system are discussed extensively. On initial charges, the cell capacity slowly increases due to the removal of residual K-ions over the first few cycles (providing more vacancies for Al3+ on subsequent cycles). Additionally, within the first few cycles, irreversible structural changes of the electrode lattice are seen from XRD, which may decrease but also stabilise the overall capacity by ‘trapping’ some Al-ions.
The redox pair Fe3+/Fe2+ was observed, as is expected for PBAs, alongside Al3+ intercalation. There is also speculation about the role of K+, as well as protons within the charge/discharge process. However, further studies are needed to understand these interactions. Further, the authors claim ‘good cycling stability’ (Zhou et al., 2019). Far superior PBA cycling stability has been observed in CuHCF discussed above (Holland et al., 2018b; Holland et al., 2018c; Liu et al., 2015).
Although not described as a WISE, a high concentration (5 M Al(CF3SO3)5) was the electrolyte used with a potassium nickel hexacyanoferrate (KNHCF) electrode to make a cell with an Al foil negative electrode (Gao et al., 2020). Again, the redox pair Fe3+/Fe2+ was observed, alongside Ni3+/Ni2+, during reversible Al3+ intercalation similar to that shown by Ru et al. with the Co2+/Co3 pair in the two-step reaction. A similar process may occur herein. The KNHCF structure remained unchanged after 500 cycles, which suggests a stable positive electrode material for aqueous aluminium cells. Unfortunately, the capacity fade seems primarily due to the Al foil as aluminum corrodes readily in an aqueous environment. It would be useful to see KNCHF studied with different counter electrodes or with TiO2 as the negative electrode to fully see the limits of this material.
3.2.3 Manganese Oxides
In the last few years, manganese oxides have been researched as electrodes, both when combined as an Mn-Al ion battery (Zhao et al., 2018; He et al., 2019) and with only Al-ions as the charge carrier.
A multi-step process has been identified by a few studies, whereby Mn2+ initially dissolves into the electrolyte on the first discharge, forming an amorphous on the surface at the first charge. This layer is likely composed of Al, Mn, and O and is likely soluble in water. Then, this layer ‘plates and strips’ in subsequent cycles. Adding Mn salt initially into the electrolyte enhances the overall performance. These cells can therefore be described as Mn-Al ion cells.
When looking at the nanostructures, nanorods and nanowires have been investigated by Joseph et al. (2019a) and Joseph et al., 2020). Potassium-rich manganese oxide was investigated, which formed nanowires in 1 M Al(NO3)3. During charge, there was a switch between the K and Al, whereby K-ions would dissolve into the electrolyte and be replaced by Al3+ in the vacancies. Over time, the K-ions did not re-insert and the concentration of K in the electrolyte increased as cycling continued (Joseph et al., 2019b). When researching the magnesium doped MnO2 nanorods, a similar mechanism was reported whereby the Mg2+ ions create large tunnels in the structure, which allow for easy Al3+ intercalation (Joseph et al., 2020). There is some speculation on whether this is a similar ‘exchange’ as shown by Joseph et al. (2019a). Additionally, to the intercalation, there is some capacitive charge storage observed at the surface of the electrode.
A mixture of surface mechanisms such as forming a new layer or capacitive storage is observed along with intercalation of Al3+ in the bulk of the electrode. If both surface and bulk processes can be taken advantage of and optimised, this may be an exciting material for high-performance Al-ion aqueous battery research.
3.2.4 Other Materials
The use of graphite is more common in non-aqueous Al-ion batteries. However, two studies have recently used them as the positive electrode within an aqueous cell (Mohanapriya and Jha, 2019; Nandi et al., 2019). Multi-layer graphite (as discussed in Nandiet al., 2019) showed an intercalation/deintercalation of Al3+ between layers. However, the expansion of the lattice during insertion led to cracking of the structure and hence a short cycle life. However, when looking at graphene with the addition of carbon nanoparticles, a capacitive storage mechanism is suggested, which may lead to longer cycle life (apparently 0% fade over 3,500 cycles; Mohanapriya and Jha, 2019), but potentially a higher self-discharge.
Bismuth oxide (Bi2O3) was investigated in 2020 by Nandi and Shayamal (Nandi and Das, 2020). Initial discharge capacities in a full cell with Al-ion negative electrode showed very high values (1,130 mA h g−1 at 1.5 A g−1) and ∼99% Coulombic efficiency. However, this dropped significantly to 103 mA h g−1 within 20 cycles and remained stable for the following 50 cycles, showing no additional signs of capacity fade. This behaviour suggests that more complex reactions are set up in the initial cycles, with potential parasitic reactions, which require further investigation, suggesting an alloying reaction between Bi and Al and interfacial storage between Bi and Al2O3 at the electrode/electrolyte interface.
Although WO3 electrodes show poor Coulombic efficiency [∼80% (Lahan and Das, 2019b)] over cycling in both 1 M AlCl3 and 0.5 M Al2(SO4)3, the capacity increases over cycling time to around double the initial capacity seen. With no significant structural changes seen in the electrode after 100 cycles and the main mechanism assumed to be intercalation/deintercalation of Al3+, this could be an interesting material to study if the Coulombic efficiency can be improved.
In the last year, organic materials have been studied as electrodes, with quinones (Li et al., 2021; He et al., 2021) studied as positive (as well as negative; Yan et al., 2021) electrodes and phenazines (Chen et al., 2021). These electrodes see conversions between hydroxyl and carbonyl groups, alongside the insertion/extraction of Al3+.
3.3 A Note on Half-Cells
Overall, the negative electrode half-cells reported in the literature can be summarised as TiO2-based or MoO3-based. Figure 2 plots the reported cycle life of these half-cells against the specific reported capacity. While the current density is not shown in this plot, we can see a cluster of low specific capacity reported for TiO2-based half-cells. Two MoO3 based half-cells are reported with sufficient data to plot. However, a trend in higher specific capacity may be achievable with this electrode basis.
All but one of the reported half-cells have a cycle life above 350. TiO2 anatase nanopowder, with 1 M AlCl3 +1 M KCl electrolyte, shows excellent cycle life of 5,000 cycles (Holland et al., 2018a). Other TiO2-based electrodes only use an aluminium salt in the electrolyte and do not have an additional potassium salt. Therefore, there may be potential in exploring electrolyte additives to improve the cycle life.
There are many half-cells reported in the literature for the positive electrode. Figure 5 plots the cycle life against the specific capacity for half-cells with both these values reported in the literature. From the limited dataset provided, there is a suggestion that higher specific capacities (above 200 mA hg−1) are achievable using vanadium-based electrodes. Although the highest capacity example only reported a cycle life of 20 cycles. One data point for the graphite-based electrode does not provide a pattern. However, the capacity reported that 157 mA hg−1, along with a promising cycle life of 3,500 cycles, would suggest further investigation into this electrode design (Mohanapriya and Jha, 2019). Interestingly, the highest reported cycle life is with the lowest specific capacity. Although all the PBAs appear to have a lower specific capacity, anomalous 28,000 cycles are reported for a CuHCF based electrode (Holland et al., 2018c). As with the high cycle life TiO2 from the negative electrode example, this electrode was tested in an electrolyte with both aluminium and potassium salts, suggesting that the potassium may help with cycle life extension but perhaps not increase capacity.
[image: Figure 5]FIGURE 5 | Cycle life plotted against specific capacity reported for TiO2 and MoO3 half-cells (Liu et al., 2012; Kazazi et al., 2017).
Figure 6 plots the potential ranges for a selection of half-cells. Most negative electrodes (TiO2 based) that report potential ranges are between −1.2 and −0.8 V vs. Ag/AgCl. For the positive electrodes, there is more variation in the potential range. Already pairs of electrodes for full cells can be suggested; TiO2 and CuHCF make an obvious pairing and have been studied extensively by Holland et al. (2018b) and Holland (2018). Figure 7 shows that this cell, with AlCl3 + KCl electrolyte, has a low capacity but long cycle life compared to other combinations (apart from MoO3//VOPO4). A potential combination that has not been discussed in the literature may be TiO2 and MnO2 electrodes, as they have a large potential range between them. So far, MnO2 has only been studied with Al electrodes, which could be argued as half-cells with an Al counter electrode, as opposed to full cell studies. Therefore, combining MnO2 with TiO2 in a full cell would be useful.
[image: Figure 6]FIGURE 6 | Cycle life plotted against the specific capacity for half-cell positive electrodes (González et al., 2016; Holland et al., 2018; Parvizi and Kazazi, 2018; Nacimiento et al., 2018; Zhou et al., 2019; Joseph et al., 2019a; Lahan and Das, 2019a; Lahan and Das, 2019b; Kumar et al., 2019; Mohanapriya and Jha, 2019; Ru et al., 2020; Cai et al., 2020).
[image: Figure 7]FIGURE 7 | Potential ranges reported for various half-cells converted to Ag/AgCl (Liu et al., 2012; Liu et al., 2014; Holland et al., 2018a; Holland et al., 2019; Holland, 2018; Zhao et al., 2019; Kumar et al., 2019; Zhao et al., 2020; Cai et al., 2020; Holland et al., 2018c; Zhou et al., 2019; Liu et al., 2015; Joseph et al., 2019; Joseph et al., 2020; Lahan and Das, 2019b; Lahan et al., 2017; Nacimiento et al., 2018).
3.4 Full Cells
As stressed throughout this review, understanding how electrodes behave like a full cell is important for the potential commercialisation of aqueous Al-ion technology. Figure 8 plots the cycle life against the specific capacity reported for full cells in the literature. The electrolyte used is overlaid, with cells grouped in rectangles that share a common electrolyte component. It could be suggested that full cells with an Al electrode, whether alloyed with Zn or pre-treated, have low cycle life regardless of the electrolyte. This can be seen with AlCl3, Al(CF3SO3), and Al(OTF)3, all showing low cycle life when paired with an Al electrode in a full cell. This is most likely due to the passivating layer, which forms on the Al in the cell, which in half-cells may not have been such a limiting factor. Further, Al foil is often not used as an electrode in a full cell but rather as the counter electrode in a half-cell setup. The authors discuss their work as full cells and a such they have been reported as full cells in this review, an Al electrode in a secondary aqueous cell is not likely to be practical or developed commercially. A case could be made that the Al(OTF)3 also leads to lower cycle life cells. Because all reported examples have an Al-based electrode, much research into this electrolyte may be useful. The AlCl3 electrolyte appears to give good cycle life for TiO2 containing electrodes with the addition of KCl increasing cycle life further, although not to the same extent as the half-cells. Hydrogel electrolytes appear to increase cycle life substantially with the PVA-Al(NO)3 electrolyte combined with the aluminium and PBA electrodes providing just over 500 cycles (Wang et al., 2019)—the highest reported for an Al-containing electrode within a full cell. Clearly, the gelatin-polyacrylamide hydrogel has the highest cycle life reported for a full cell, 2,800, with a 13.8% capacity fade (Wang et al., 2020). Half-cell vanadium-containing electrodes reported between 12 and 1,000 cycles (González et al., 2016; Kumar et al., 2019; Cai et al., 2020), while half-cell MoO3 (Lahan and Das, 2019b; Joseph et al., 2019b) electrodes had cycle lives of 350–400. This hydrogel result requires much research, as this increase in cycle life combined with the flexibility of the cell described would certainly show commercial potential. Overall, Figure 8 demonstrates that there is no middle-ground currently with respect to capacity and cycle life; either high capacity or high cycle life is demonstrated, but both are unlikely, given the location of examples close to the axes. This then asks the development question, do we look to high capacity and attempt to increase cycle life or look to high cycle life and attempt to increase capacity? Do the cells with high cycle life demonstrate a pseudocapacitive storage mechanism, which may enable longer life and less damage to the electrodes? These research questions need further study and understanding.
[image: Figure 8]FIGURE 8 | Cycle life plotted against the specific capacity for full cells, with electrolyte information overlaid (Wang et al., 2019; Holland et al., 2018b; Holland 2018; Zhao et al., 2018; He et al., 2019; Wu C. et al., 2019; Yan et al., 2020; Gao et al., 2020; Wang et al., 2020; Zhao et al., 2020; Nandi et al., 2019; Nandi and Das, 2020).
4 AL-AIR AND PRIMARY BATTERIES
Aqueous aluminium-air batteries are generally non-rechargeable, primary batteries. Unlike supercapacitors or most secondary batteries, the ions within the electrolyte are not the charge carriers of the reaction. The main charge transfer mechanism is the reduction of oxygen from the air at the cathode combined with the oxidation of the aluminium-containing anode. The reaction is often reported as follows:
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Corrosion of the anode, or a build-up of a passivation layer, often limits the capacity and lifetime of an Al-air battery. This section will discuss development in minimising corrosion and increasing utilisation at the anode. Additionally, the oxygen reduction reaction (ORR) at the cathode is a prime source of research, with electrocatalyst chemistries studied to speed up this reaction.
Supplementary Table S3 summarises some of the aqueous Al-air studies from recent years. However, unlike with secondary batteries (where there are common data provided within the majority of research), the data provided within these studies vary. Therefore there are a few holes within Supplementary Table S3. These holes certainly point to future potential studies to acquire more data and more comparable data to fully understand the performance of these cells. However, this is a complaint often found when reviewing papers as different researchers wish to optimise different performance parameters.
4.1 Anodes
As previously mentioned, all anodes for Al-air batteries contain aluminium. This ranges from high purity Al (Di Palma et al., 2017; Gaele et al., 2021; Teabnamang et al., 2020; Xue et al., 2017; Hopkins et al., 2018) to complex lab-created alloys (Wanget al., 2017; Pino et al., 2016; Zhang et al., 2019, Wu Z. et al., 2019) as well as the use of commercial off the shelf (COTS) alloys (Katsoufiset al., 2020; Ryu et al., 2018; Mutlu et al., 2017).
High purity Al anodes are often used when investigating the impacts of a cathode, catalyst, or electrolyte additive and, therefore, will not be discussed further in the section. The high purity Al is seen as the ‘baseline’. By manipulating the anode, it has been shown that the potential can be changed (Wang et al., 2017), which increases the ESW, corrosion and side reactions can be limited, and anode utilisation can be increased (Pino et al., 2016).
The addition of antimony (Sb) to create an Al-alloy has been studied on various occasions, with the conclusion that the Al-Sb precipitates can inhibit corrosion of the anode and slow down the growth of a passivation layer on the anode surface (Zhang et al., 2019; Liu et al., 2019, Zhang P. et al., 2020; Liu X. et al., 2020). These anodes also showed a high OCV of >1.80 V, indicating that HER may be reduced due to the increased ESW of the electrodes.
Coating the anode has also been researched to inhibit any passivation layers that may grow and allow increased utilisation of the anode. Carbon black was investigated as a coating on two Al alloys: Al1085, a high purity alloy, and Al7475, which contains Zn, Mg, Si, and Cr. As expected, the coating on the anodes increased the anode utilisation and cell capacity compared to the non-coated counterparts, with the coated Al745 achieving double the specific capacity of the uncoated Al7475 (540 and 1,210 at 10 mA cm−2, respectively) (Pino et al., 2016).
4.2 Cathodes and Catalysts
Platinum and manganese oxide catalysts are commercially available and well established in Al-air cells. They are often used in studies investigating the electrolyte or anode specifically and will not be discussed in this section.
There have been few studies on new catalyst materials in the last five years. However, in 2018, Wang et al. (2018) investigated the use of a Fe-N-C catalyst and found it to comparable in performance to Pt/C and an open-circuit voltage OCV of 1.74 V, which is relatively high for these batteries. The key advantage discussed here is the cost-effectiveness and ease of production of Fe-N-C compared to Pt. A follow-up study in 2019 substituted some Cu for Fe (Li et al., 2019) and found that the ORR was further boosted with this substitution.
Catalysts are primarily attached to a cathode substrate, such as a mesh or foam (normally nickel), with the use of binders. In 2020, a study looked at binder-free cathodes using Co3O4 nanosheets (Liu et al., 2020).
4.3 Additives and Electrolytes
Liquid aqueous electrolytes typically used in Al-air cells are KOH, NaOH, and NaCl, with limited discussion on the reasoning behind this choice in a particular battery.
Adding different additives to electrolytes to inhibit anode corrosion is of particular interest. K2SnO3 and APG were studied in 4 M KOH with an Al alloy anode and MnxOy/Ag cathode catalyst (Wu et al., 2020). The addition of the corrosion inhibitors allowed a uniform protective layer to form from the Sn within the Al alloy, compared to the uneven and rough layer formed without these additives. This layer protected the anode from corrosion and increased the capacity seen. The final reported capacity was 2,180 mA h g-1 at 100 mA cm-2. However, which additives are used in electrolytes is not always fully reported. For example, ‘corrosion inhibitors’ were added to 6 M KOH by Wang et al. (2018), but their name and effect were not commented on.
More recently, hydrogels have been explored as electrolytes, particularly in a dual-electrolyte system. Using a hydrogel as a catholyte and a non-aqueous anolyte (Teabnamang et al., 2020) reduces corrosion at the anode, increasing its utilisation. A 40 h discharge was reported for this cell at a current density of 10 mA cm−2. The capacity reported was also comparable to other Al-air cells (2,328 mA h g−1). Gaele et al. (2021), using a similar approach to the electrolytes, had a very low reported (50 μAh g−1 at 100 μA cm−2) capacity. These two studies are not fully comparable, as they used different cathodes, catalysts, catholytes, and anolytes in their designs, showing that there is potential in dual electrolyte technology. However, there are now more variables to assess and presumably more trial and error to come.
5 AL-IONS IN AQUEOUS SUPERCAPACITORS
Energy storage in capacitors is achieved due to charge separation, and in more typical supercapacitors, this is due to the electrochemical double-layer capacitance (EDLC). Additionally, in what would be called a pseudocapacitor (or capattery or cabattery), a mix of EDLC and surface adsorption or redox reactions can be seen (Afif et al., 2019). The primary charge storage of these devices is charge separation.
Supercapacitors traditionally have longer cycle life than batteries, as the electrochemistry does not occur within the electrode and, therefore, the structural changes seen in batteries are unlikely in supercapacitors. This can be seen with 10,000 cycles performed and around 10% fade in capacitance (Tian et al., 2019; Krishnamoorthy and Jha, 2019). Table 2 summarises recent Al-ion aqueous supercapacitors.
TABLE 2 | Summary of recent Al-ion supercapacitors.
[image: Table 2]In recent years, only a few aqueous Al-ion supercapacitors have been investigated. However, for batteries, TiO2 (Holland et al., 2018), and graphite (Mohanapriya and Jha, 2019), capacitive storage has been identified as one of the storage mechanisms. With both these materials researched as supercapacitor electrodes (Krishnamoorthy and Jha, 2019; Zhong et al., 2015), Krishnamoorthy and Jha (2019) suggested using their electrode as a cathode for an Al-ion battery before demonstrating its use in a supercapacitor with an ionic liquid. Therefore, it is useful to consider the potential for Al-ion use as a hybrid capacitor, which could reduce the cost and complexity of these applications (Smith et al., 2020).
6 CONCLUSION
Aluminium can be a major player in energy storage solutions. Its high volumetric energy density, 8.04 Ah cm−3, abundance, pre-existing production industry, and recyclability make it a sustainable option. Pairing this technology with aqueous electrolytes in batteries and supercapacitors can produce inherently safe and cheap energy storage. The versatility of these systems has been discussed in the review.
Primary aluminium-air batteries are the most developed technology, with work toward increasing anode utilisation and reducing side reactions ongoing. The capability for rechargeable aqueous Al-air batteries is only just investigated, so there is the opportunity to develop this further.
Secondary Al-ion batteries have increased attention in the last 5 years, with the exact charge storage mechanisms remaining complex and unknown for many electrodes. This is clearly a space with the potential for growth, with the better elucidation of reaction mechanisms and refinement of electrode choice. Al-ions have various charge transfer mechanisms. For the TiO2 negative electrodes, a surface pseudocapacitive reaction is most likely, while lattice expansion due to Al3+ insertion in vanadium-containing positive electrodes shows that bulk reactions are also possible. There are still many unknowns regarding the charge transfer within many electrode materials, with an engineering focus primarily on ‘does it work’ prior to the investigation into how. This is illustrated for CuHCF electrodes with as yet unexplained displaced Fe in the electrolyte. There are few studies into supercapacitors with Al-ion technology. However, many of the secondary batteries have pseudo-capacitive behaviour. It is expected that, as the exact charge storage for some electrodes (such as TiO2) is determined, the role of Al-ion technology may shift toward supercapacitor storage.
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