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Abstract

:

Sodium-ion batteries (SIBs) have demonstrated noticeable development since the 2010s, being complementary to the lithium-ion technology in predominantly large-scale application niches. The projected SIB market growth will inevitably lead to the generation of tons of spent cells, posing a notorious issue for proper battery lifecycle management, which requires both the establishment of a regulatory framework and development of technologies for recovery of valuable elements from battery waste. While lithium-ion batteries are mainly based on layered oxides and lithium iron phosphate chemistries, the variety of sodium-ion batteries is much more diverse, extended by a number of other polyanionic families (crystal types), such as NASICON (Na3V2(PO4)3), Na3V2(PO4)2F3−yOy, (0 ≤ y ≤ 2), KTiOPO4-type AVPO4X (A—alkali metal cation, X = O, F) and β-NaVP2O7, with all of them relying on vanadium and phosphorous—critical elements in a myriad of industrial processes and technologies. Overall, the greater chemical complexity of these vanadium-containing phosphate materials highlights the need for designing specific recycling approaches based on distinctive features of vanadium and phosphorus solution chemistry, fine-tuned for the particular electrodes used. In this paper, an overview of recycling methods is presented with a focus on emerging chemistries for SIBs.
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1. Introduction


The development of energy harvesting and storage technologies is an integral part of changes under way in many sectors of the economy and everyday life, spanning from portable electronics and electric vehicles to local power supplies and renewable electricity generation [1,2,3,4]. Currently, lithium-ion batteries (LIBs) are one of the key enablers for efficient energy management. However, the rapidly growing LIB production faces a number of issues, such as unevenly distributed Li resources, long and intermittent supply chains, negative socio-economic aspects of raw materials mining, and environmental concerns [5,6,7]. This in turn has stimulated research on complementary metal-ion battery (MIB) architectures, with notable progress achieved in recent decades [8,9]. Among them, sodium-ion batteries (SIBs) are considered as reasonable candidates for several niche applications, for example, at large-scale stationary storage facilities [10,11,12,13]. The expected growth of the SIB market will unavoidably bring about the generation of tons of spent batteries demanding proper recycling and utilization. This can be achieved through realization of a closed-loop cycle economy that requires the development of regulatory frameworks and specific technologies. This statement is strongly supported by recent decisions made by several countries, as covered in the following reviews [14,15].



The sodium-ion battery architecture is very close to that of lithium-ion batteries [12]. The most distinguishing differences entail the usage of a wider variety of active electrode materials as well as an Al current collector on the anode side instead of the Cu in LIBs, resulting in the capacity for safe discharge and storage at 0 V. The obvious similarities to LIBs (electrolyte design, salt chemistries in general, material of separator, etc.) allows for the transfer of almost all methods of cell pretreatment and separation of conductive additives, binder and electrochemically active compounds (so-called “black mass”) from the already established recycling technologies. These technological aspects are areas of particular interest and are covered in a review by R. Sommerville et al. [16]. Another fundamental issue—the lack or absence of a detailed and unified battery labeling system—has also attracted battery research community attention and was articulated by Bao et al. recently [17].



In general, the choice of a battery recycling approach is hugely dominated by the positive electrode (cathode) chemistry. While for LIBs, cathodes mainly rely on two chemistries—layered oxides of lithium and transition metals (TM) and lithium iron phosphate (LiFePO4, LFP) and its derivatives, the playground for sodium-ion batteries is noticeably larger (Figure 1). Several representatives of the following crystal types, namely (Na3V2(PO4)2F3−yOy, 0 ≤ y ≤ 2), NASICON (Na3V2(PO4)3), KTiOPO4 (AVPO4X, A—alkali metal cation, X = O, F) and KAlP2O7 (β-NaVP2O7), demonstrate attractive electrochemical properties, and some have already been commercialized [18,19,20,21,22,23]. Interestingly, all of the abovementioned formulas rely on vanadium—a critical component in many sectors of industry [24,25]. Lately, several reports have been devoted to the recycling of used vanadium catalysts or steel industry slags [25]. However, poor attention was paid to phosphate-containing or phosphate- and fluoride-containing systems [26,27,28], and even less attention to the life cycle of vanadium-based battery electrode materials [29].



In this paper, we provide an overview of processing methods for used MIBs and reported approaches for the treatment of vanadium-containing phosphate ores (phosphorites/phosphate rocks) and related mixtures, including slags. The chemistry of vanadium is discussed from the perspective of designing recycling approaches for sodium-vanadium-based oxo- and fluoride phosphate electrode materials for SIBs. This paper is organized as follows. In the first chapter, state-of-the-art recycling techniques are reviewed. The second part is devoted to the current status of vanadium production and consumption. Further, selected vanadium-based electrode materials for SIBs are compared, and a discussion of vanadium–phosphorus solution chemistry is presented. In the last part, phosphorus-containing wastewater treatment methods are highlighted.




2. Overview of Metal-Ion Battery Recycling Methods


Inevitable performance degradation during operation limits the lifetime of any MIB, thus determining the necessity of developing recycling methods for used batteries. The degradation processes can be divided into two groups: physical and chemical. Chemical degradation is driven by irreversible structural transformations, which lead to capacity loss, and/or by partial dissolution of metal cations and various reactions that occur on the electrodes’ surface coupled with electrolyte decomposition [5,35,36,37]. Physical (or mechanical) degradation is associated with defect formation and stress accumulation, resulting in particles cracking and detaching, which mainly occur due to the crystal lattice breathing as a result of mobile ion insertion and removal during cycling [38]. In many cases (overcharge, physical damage, etc.), the battery cannot be reused; thus, full disassembly with subsequent recycling should be applied. The initial stage of recycling processing usually includes careful sorting, pre-discharge and, if necessary, partially or fully automated disassembly [17]. The classification of battery recycling methods will follow and is schematically shown in Figure 2.



(1) Pyrometallurgical methods were first widely implemented in the industry. The approach implies multi-stage heating. At low temperatures (<200 °C), the electrolyte evaporates, and the polymer binder melts. Further heating at higher temperatures is necessary to burn the battery case and other component polymer-containing fractions. The required temperature, as a rule, depends on the specific technology and composition of the batteries being processed, but can reach 1500 °C. The products of the pyrometallurgical process are metal alloy, slag and gases. The resulting flux is leached to obtain pure metal compounds, and the slag is separated. Normally, the slag contains a certain amount of lithium, but a significant proportion of it is lost with vapors and evolved gases. The search for methods to reduce lithium losses in the pyrolysis process is a separate technological problem in the field of metallurgy and chemical technology. The disadvantages of this approach include the low quality of the extracted materials, high energy costs, as well as high capital expenditures due to the need to capture, clean up and utilize harmful gases [5,39].



(2) Hydrometallurgical approaches are implemented based on reactions in solutions and dissolution of electrode materials with a subsequent extraction in the form of pure salts, oxides or hydroxides [39,40,41]. Materials previously separated from other parts of the battery are most often leached by acidic aqueous solutions, with sulfuric acid and hydrogen peroxide being the most common combination of inorganic reagents used [40]. Also of practical interest are organic acids, which are large-scale products of the chemical industry and whose anions can act as complexing agents (for example, oxalic, citric, malic, tartaric, succinic, ascorbic acids) [40,42]. At the next stage, metal salts are isolated either through selective precipitation by adjusting the pH value of the solution, or by extraction using organic solvents. The unconditional advantages of hydrometallurgy include the conversion of metal compounds into a soluble form convenient for further use, as well as lower temperatures required for the processing procedure, which reduces its energy consumption. Hydrometallurgical production is characterized by a higher degree of extraction if proper processing and sorting of raw materials have been performed. However, it requires using high-concentration leaching agents and leads to the formation of large amounts of waste solutions; all of these features increase the number of technological units.



(3) Direct recycling consists in the regeneration of the used electrode (usually cathode) material without introducing a significant deviation from its chemical composition. The used MIBs are sorted and further disassembled into individual components. At the next stage of production, the electrode mass is separated from the aluminum tape and calcined to restore the crystal structure of materials suitable for use in storage devices. Heat treatment allows one to decrease the number of defects in the crystals and to remove organic residues that form during prolonged cycling and negatively affect the electrochemical performance. This method is the most advantageous in terms of lithium recovery efficiency. The main drawbacks of this approach are the technical complexity and complicated time-consuming processes, which increase production costs. In addition, this group of methods can also include the steps of disassembling the used batteries, mechanically cleaning possible foreign inclusions, and filling with a fresh portion of the electrolyte [43].



The vast majority of works related to the processing of MIB materials are aimed at studying the process of leaching and selective extraction of Li, Co, Ni and Mn compounds. Typical objects of study are widely used layered oxides (including Li-NMC, Li-NCA) [5,44], oxides with a spinel structure (LiMn2O4, LiMn1.5Ni0.5O4) [5,14,40], as well as triphylite-structured phosphates (LiFePO4) [17,45]. To date, the enterprises of industrial groups have implemented a joint approach for the processing of batteries, combining pyrometallurgical and hydrometallurgical methods. The application of pyrometallurgical methods is primarily due to the lack of proper labeling (see above), as well as significant differences in battery sizes and form factors. A small proportion (a few percent) of used batteries are subjected to “direct recycling” (or regeneration), meaning they are manually disassembled in an inert environment, filled with a fresh portion of the electrolyte, and subsequently sealed [14]. The latest developments in the direct recycling methods are more of a technical problem at the intersection of chemistry, chemical technology, and engineering; their investigation is of particular interest for some niche applications.




3. Vanadium: Occurrence in Nature, Industrial Production and Toxicity


Vanadium is generally a rather widespread element in the Earth’s crust [46] ranking 5th among the metals of the d-block [47,48]). Notably, its abundance is higher than that of Ni and Co combined, which are critical metals of modern industry, twice as large in comparison with Cu, and slightly exceeds that of Cr. In this regard, vanadium provides an attractive basis for the design of functional materials including battery electrodes (Table 1).



Figure 3 shows elements that will play a key role in the manufacture of SIBs with vanadium-based cathodes: Na, V, P, F (cathode design), Al (current collectors), Fe (battery casing). All of them are widespread in the Earth’s crust, and much more evenly distributed in comparison with lithium resources, which gives the sodium-ion technology a certain advantage. In addition to these elements, carbon will be an important constituent of SIB electrodes, being most likely produced from biomass [49,50].



Vanadium occurs naturally in a variety of minerals (around 90), such as patronite (VS4), vanadinite (Pb5(VO4)3Cl), carnonite (K2(UO2)2(VO4)2·3H2O), descloizite ((Pb,Zn)2(OH)VO4), etc. [51]. It was also found in oil as a by-product [52,53]. However, vanadium is predominantly mined from titanomagnetite ores, where it isomorphically replaces iron due to the proximity of their ionic radii (64.5 pm for Fe3+ (high-spin state) and 64 pm for V3+, coordination number 6) [54,55]. Oil ash [56], spent catalysts [57] and vanadium sludge [58] can also be useful sources for extracting vanadium. In nature, vanadium mostly occurs in the V5+ or V4+ oxidation states as various vanadates or vanadyl-containing compounds, respectively. Furthermore, V3+ or V2+ are also known in both the solid and solution states.



The thermodynamic data for vanadium species in solution were recently summarized by Shaheen et al.; the ESHE-pH diagram is given in Figure 4 [60]. Analysis of this plot allows one to estimate the stability of a specific state of the element as a function of pH. For example, this ESHE-pH diagram provides a quick understanding of the formation of insoluble V3+ compounds in a moderately alkaline environment, while in a strongly alkaline solution, HVO42− (which is soluble) is the most thermodynamically probable anion. Non-single component systems are more complex, however, if the elements are separated—an example of such a method follows in the section below. The ESHE-pH diagram might be a useful tool for the research in battery recycling.



The global vanadium ore market was estimated to be valued at $2.78 billion in 2022 [61]. The biggest three vanadium producers are China, Russia and South Africa. China (predominantly Pangang Group Vanadium Titanium & Resources) accounts for more than 60% of metal supplies. In Russia, the main producer is EVRAZ Vanadium Tula JSC [62,63], and in South Africa, they are Bushveld Minerals and Glencore [25]. The Brazilian company Largo Inc. is also an important market player, being a supplier of high-purity metallic vanadium (powder and flakes) [34]. Vanadium production is an industrial process, still characterized by a strong ecological footprint, that causes soil, water and air contamination and/or the formation of technologically dictated landfills mainly consisting of Ti-containing gypsum slags [24,64,65,66].



Most vanadium (about 92% by mass in 2021) is used in the production of construction steels (including ferrovanadium), with China being the main consumer. A small percentage is consumed in catalyst production, and a certain amount is reserved for vanadium redox flow batteries and for academic purposes [24,25].



The degree of vanadium compound toxicity is still an object of discussion. It significantly depends on the solubility, as well as morphology and the particle’s size. For example, a negative effect on metabolic processes in the body was observed in rats when given vanadium in feed and water [67]. A number of studies demonstrated a non-negligible impact of vanadium on people’s health; one case study, for example, was the town of Chusovoi, where a vanadium plant is located [68]. The maximum allowable concentration (MPC) of vanadium in water in the Russian Federation is 0.1 mg L−1. For Europe, a similar range was reported [68]. In the USA, the amount of vanadium in drinking water is subject to monitoring (it is listed on Candidate List 4, CCL4) [69].



Due to very limited data, it is currently difficult to accurately estimate the scale of the global vanadium (in the area of batteries) or SIB markets. This is due to the fact that most SIB production lines are expected to start manufacturing cells in 2023–2024 and reach full capacity even later. Nevertheless, it is worth mentioning that the forecast provided by CIC energiGUNE (with data by Deloitte) predicts that the growth of market demand for sodium-ion batteries will reach 270 GWh in 2025 [70].




4. Sodium-Vanadium Oxo- and Polyanions: Prospective Electrode Materials for SIBs


From a commercial point of view, vanadium oxo-(phosphates and pyrophosphates) and polyanions (fluoride phosphates) are extremely interesting due to the high working potential caused by the inductive effect of anionic groups, outstanding structural and thermal stability, as well as small variation in unit cell volume during operation of the cathode material. Na3V2(PO4)3 NASICON (in nature, represented as a member of the kosnarite mineral family [71]) has been known since the end of the 1980s [72,73], and its substituted derivatives are one of the most popular objects of study in the battery materials scientific community. Many efforts have been dedicated to achieving a reversible deinsertion of 3 Na+ per formula unit (f.u.). Interestingly, full deinsertion of 3 Na+ per f.u. through the chemical route has been reported only once [73], and to date, that result has not been reproduced [59]. Stable cycling performance was demonstrated for 2 Na+ per f.u., resulting in 118 mAh g−1 of specific capacity with a flat operating voltage profile at ~3.4 V vs. Na+/Na (gravimetric energy density ~400 Wh kg−1) (Figure 5). Vanadium substitution is claimed as a promising strategy for enhancing the electrochemical performance of members of this class [74,75,76].



A number of other oxoanions were investigated as electrode materials during the 2010s and 2020s. Promising results were achieved for β-NaVP2O7, which belongs to the KAlP2O7 crystal type [77,78]. β-NaVP2O7 delivers 104 mAh g−1 (0.1C charge/discharge current rate) at an average potential of 3.9 V vs. Na+/Na (energy density ca. 406 Wh kg−1, Figure 5) coupled with small volume changes (around 0.5%) [77,79].



The Na-V-P-O-F system has been widely investigated by many research groups since the beginning of the 2000s. To date, three different crystal types represented by a number of solid-solutions (O-to-F ratio and/or series of compounds, where another cation is substituted for V) have been found.



Na3V2(PO4)2F3−yOy (0 ≤ y ≤ 2) are characterized by attractive gravimetric energy density values of about 500 Wh kg−1 for the Na3V2(PO4)2F3 end-member (128 mAh g−1 for 2Na+ cycling, two plateaus at 3.7 and 4.2 V vs. Na+/Na, Figure 5) [80,81,82]. The fluorine-to-oxygen ratio directly affects the electrochemical properties of the corresponding fluoride-phosphate, and currently, the end-member attracts practical interest mostly. Tiamat—a spinoff of the RS2E network in France—assembled the first Na3V2(PO4)2F3||HC 18650 cell prototype (energy density of 90 Wh kg−1) for high-power application a few years ago. So far, energy density of 125 Wh kg−1 has been achieved, and at least 4000 cycles at 80 % capacity retention have been reported [31] (Figure 1). Furthermore, an E-Scooter was powered by Tiamat (18650 Na-ion cells) recently [83].



NaVPO4F is another representative of the Na-V-P-O-F system. An insufficiently thorough chemical and structural analysis of the first-ever synthesized “NaVPO4F” [84] led to some confusion in the battery society for almost two decades regarding the existence of representatives with such “NaVPO4F” stoichiometry. Since then, questionable tetragonal (SG: I4/mmm) and monoclinic (SG: C2/c) forms with the ascribed “NaVPO4F” composition have long been discussed in the literature as promising cathode materials for SIBs [85,86]. However, as shown later from the perspectives of synthesis, crystal structure and electrochemical properties, the claimed forms simply represent tetragonal Na3V2(PO4)2F3 and monoclinic Na3V2(PO4)3 phases. For instance, a direct annealing of VPO4 with a source of fluorine and sodium (normally, NaF) in an inert atmosphere with strict control of synthesis conditions in order to avoid loss of fluorine, which was suggested as a synthesis route for the abovementioned questionable “NaVPO4F” forms, typically leads to stabilization of the Na3V2(PO4)2F3 composition (wrongly considered as a tetragonal “NaVPO4F”). Further heating at elevated temperatures induces its decomposition, coupled with crystallization of Na3V2(PO4)3 (incorrectly perceived as a monoclinic “NaVPO4F”) due to elimination of volatile VF3 [86].



In fact, the NaVPO4F composition can be stabilized only in two structural types: tavorite and potassium titanyl phosphate (KTiOPO4 or KTP). Due to the structural features, tavorite-NaVPO4F does not demonstrate any practically interesting capacities, thus remaining almost electrochemically inactive against Na [87,88,89]. In contrast, the KTP-structured NaVPO4F (or k-NaVPO4F), reveals attractive characteristics. It is synthesized through an ion exchange reaction between a sodium-salt and NH4VPO4F precursor [90]. KTP-NaVPO4F shows 136 mAh·g−1 discharge capacity at a 0.1 C rate, with an average operating potential of about 4.0 V vs. Na+/Na (gravimetric energy density of ca. 540 Wh·kg−1, Figure 5a,b) and is characterized by impressive high-rate performance (123 mAh g−1 discharge capacity at 40 C current rate in half-cell). More importantly, unlike its polyanionic competitors, whose theoretical energy density limits are nearly reached, KTP-NaVPO4F still has significant room for improvement [20,90,91]. In the sections below, the analysis of the closest case studies to these chemistries will be provided; here, it is worth mentioning that the synthesis of the materials normally includes several solution-based stages, and the recycling approaches also will be formulated on the basis of the solution chemistry of the corresponding elements.
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Figure 5. (a) Selected Na-ion cathode materials. Phosphates and fluoride-phosphates are depicted with blue and green, respectively. Data for HiNa layered oxide are provided according to Chayambuka et al. [83]; data for Faradion Gen 1 oxide are provided according to Rudola et al. [12]. (b) Potential vs. specific capacity plots for Na3V2(PO4)3, Na3V2(PO4)2F3, β-NaVP2O7 and k-NaVPO4F per one-electron V4+/V3+ transition from experimental data. Adapted with permission from [90]. CC BY 4.0. 
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5. Hydrometallurgical Processing of Vanadium Compounds and Phosphates


5.1. Case 1: Direct Recycling of NASICON-Based Cell


To the best of our knowledge, only one report (case 1) was devoted to the formulation of a recycling approach toward vanadium-based electrodes of SIBs. In the pioneering work of Tiefeng Liu and colleagues [29], a design of a so-called “fully recyclable rechargeable sodium-ion battery” was proposed (Figure 6a,b). Two cases were considered: the first one is a half-cell vs. metallic sodium, and the second one is a symmetric cell. The authors used Na3V2(PO4)3 as a positive electrode material. The cell was dismantled after operation manually. In the first case, all components made of Al were dissolved in basic media (the basic medium was provided by metallic Na dissolution), while the Na3V2(PO4)3 was separated and treated at 550 °C for 4 h in air to remove the carbon coating, conductive additive, and polymer binder. In the second case, all components made of Al were dissolved by immersing in the NaOH solution. The total recycling efficiency was claimed to be as high as 98% (Figure 6a). From a formal point of view, the proposed utilization scheme can be technically assigned to the group of direct recycling methods—manual disassembly with the use of a coin hydraulic crimper was demonstrated as one unit of the process. It seems that Na3V2(PO4)3 was assumed by the authors to be a highly stable and robust electrode material that is not affected by noticeable degradation in a chemical or physical way. If the battery is damaged, the state-of-charge is difficult to calculate precisely, and pretreatment of the active material before high-temperature annealing becomes a very complex task. At the same time, the authors state that oxidation of vanadium was observed (Figure 8 of supporting information in [29]). The further analysis of XRD patterns (refinement based on powder X-ray diffraction data of initial and treated electrode) would be useful for better understanding of the material evolution after the aforementioned manipulations; heat treatment in air may lead to the formation of impurities or induce partial decomposition (Figure 6b). Finally, the use of metallic sodium as anode is currently valid for laboratory research mainly, since it is still extremely hazardous to utilize in a device or vehicle. In general, this approach can be applied conceptually to cells that are not dramatically damaged and to electrodes that do not degrade strongly.



Technology-wise, commercial SIBs will be implemented in blocks and modules of various types, which can significantly complicate the direct recycling procedure (Figure 6c,d). Compared to laboratory studies, additional technological steps will be required. However, these can be most likely borrowed from the lithium-ion battery recycling technology. Moreover, it makes sense for manufacturers of SIBs to learn from the mistakes of the lithium-ion technology and try to unify cell form factors and geometries, which will greatly facilitate recycling processes.




5.2. Case 2: Acidic Leaching of LiFePO4


The closest case study (case 2) relevant to the design of phosphate-containing vanadium compound recycling concerns the treatment of triphylite-structured LiFePO4 (further, LiFePO4 or tr-LiMPO4). All groups of recycling methods were studied in general for tr-LiMPO4, starting from the early 2000s [45]. In the context of the current market and existing technologies, pyrometallurgical methods are of no interest for the phosphate-based electrode materials. In contrast hydrometallurgical methods are reasonable from an economic point of view. In the following section, the LiFePO4 case study will be reviewed, and valid leaching strategies for the above-discussed V compounds will be discussed.



Hydrometallurgical methods of LiFePO4 treatment can be divided into two subgroups. The first one deals with Li extraction only [45]. The second one is based on complete dissolution of this phosphate with subsequent precipitation of Li, Fe and P in the form of salts. This method was successfully realized by a few companies, including a battery recycling pioneer—Recupyl (France) [40,92]. The dissolution reaction occurs according to the following equation:


2LiFePO4(s) + H2SO4(aq) + H2O2(aq) → 2FePO4(s) + Li2SO4(aq) + 2H2O



(1)







In the original patent by F. Tedjar and J.-C. Foudraz, sulfuric acid was utilized [92]. A number of other inorganic acids were reported during the last two decades; the most relevant choices for industry are hydrochloric (HCl) and nitric (HNO3) acids [40,44]. Oxalic (H2C2O4) and citric (C6H8O7) acids were employed as metal leaching agents during recent decades, as well [42]. It is worth mentioning that the reaction should occur at elevated temperatures (e.g., 80 °C). Technological schemes in patents typically include units that deal with iron (another metal cation, e.g., Mn2+) and phosphorus; however, only lithium extraction demonstrates economical interest in the case of LiFePO4. This statement is relevant for other lithium phosphates that can be found on the market.



As soon as both the abundance (Table 1, Figure 2) and market availability of sodium compounds are noticeably higher than those for lithium, the first subgroup of methods will become non-relevant for sodium-vanadium compounds. In light of those facts, only complete dissolution (second subgroup in this notation) may be valid.




5.3. Case 3: Mining Industry: Vanadium as a By-Product


Another case study (case 3) closely relevant to electrode materials has to do with vanadium leaching from ores (uranium ores, phosphorites, bauxites) [93,94,95,96]. From a chemical point of view, vanadium-rich phosphorites (ore used for production of phosphates) are quite similar to the objects of discussion in this paper. Typically, the raw material contains vanadium compounds in mixed oxidation states. Two approaches have been realized in both scientific and industrial communities for the extraction of V4+ or V5+ species. For example, in the technology proposed by a factory in Colorado (Cotter Corporation, Canon city, Colorado, USA, in the 1980s [95]), all residual VO2+ cations are oxidized to VO2+ cations, and a tertiary amine (not specified originally) is used to extract V5+:


2VO2+ + H2O2 → 2VO2+ + 2H+



(2)






VO3− + R3NH+ = R3NHVO3



(3)







As was claimed by the authors, an excess of hydrogen peroxide should be avoided in this reaction (Equations (1) and (2)); this suggests that formation of vanadium peroxo complexes negatively affects the vanadium extraction yield [96]. Some features of vanadium peroxocomplex chemistry are discussed separately at the end of this section.




5.4. Case 4: Study of Vanadium-Phosphorus Separation from Slag


Detailed research (case 4) devoted to the investigation of phosphorus-rich vanadium converter slag (in this context, the converter slag is a mixture, composed of many phases), that forms as a by-product in this industry [24,66]) was published recently [27]. The authors provided an analysis of different forms of vanadium, phosphorus and their mixed species (heteropolyanions) in solution and proposed three schemes for selective vanadium or phosphorus leaching that are based on the interplay between the pH value and choice of an extraction agent. The key findings by Zhang et al. are summarized in Figure 7 [27].



All told, the selective extraction of V5+- or V4+-based species is an area of particular interest [97]. Extraction agents such as N235 (widely available commercial tertiary amine, CAS 68814-95-9), D2EHPA (Di-(2-ethylhexyl)phosphoric acid), PRIMENE 81R (CAS 68955-53-3), and ALAMINE 336 (CAS 1116-76-3) were reported for this purpose, and research in this area is still in progress [98,99]. Methods from the area of catalysis, metallurgy and the mining industry represent a viable basis for designing V-based electrode material treatment processes.




5.5. Leaching of Vanadium-Phosphates: Identifying the Strategy


The next paragraphs are organized as follows. Firstly, two scenarios of the initial leaching of compounds are proposed (examples are considered for Na3V2(PO4)3; the features specific for fluoride-phosphates, e.g., Na3V2(PO4)2F3, are discussed separately). Secondly, aspects of vanadium solution chemistry are presented and described. Finally, methods of processing phosphate-containing wastewater are given. It is assumed that all preprocessing manipulations, including black mass pretreatment, are provided in the context of technologies that are already implemented in industry. Of note, both the initial substance and the resulting compound can be contaminated by a residual conductive additive. Their influence on human and animal health is still an open question [100].



In the first scenario, a vanadium compound should be dissolved in a non-oxidizing acid (in order to avoid vanadium oxidation); thus, HCl seems the most reasonable choice among inorganic agents. The reaction in strongly acidic media can be described by the following equation:


Na3V2(PO4)3 + 9HCl = 2V3+ + 9Cl− + 3Na+ + 3H3PO4



(4)







Since V3+ is a strong reductant, the reaction should be conducted free of oxidizing agents; that includes initially degassing the acid solution of O2. However, heating and/or the use of complexing agents might be required to improve dissolution kinetics. An important feature of such a reaction to be mentioned is the possible formation of mixed vanadium-phosphorus species, i.e., heteropolyanions (for example, H5PV14O424−, H4PV14O425− and H3PV14O426−)—they were overviewed in the case study (case 4) of the phosphorus-containing vanadium bearing slag [27]. The key peculiarity to be highlighted is that the pH and concentration interplay allows for the separation of vanadium and phosphorus compounds with rather high efficiency. It seems that the aforementioned technological scheme for phosphorites (case 3) implies that vanadium-phosphorus heteropolyanion formation is a rather minor process.



In the second step, vanadium can be precipitated by adjusting the pH (bases, (NH4)2S or NH3 solution). According to the literature data, this precipitate is described by the VOOH formula [48,84]. In fact, V3+ species are easily oxidized and readily undergo transformation to VO(OH)2 in the presence of an oxidant, for example, O2 dissolved in water [93,94,96]. If V3+ is managed properly, it can be annealed, resulting in V2O3 (heat treatment in inert media) or in V2O5 (heat treatment in the presence of O2) [84]. Additionally, a stoichiometric mixture of V(III) and V(V) can be used for the synthesis of VO2 through the coproportionation reaction [101]. All vanadium oxides are valuable industrial products that can be further utilized for the synthesis of any vanadium-based materials [25]. Stabilization of V3+ in the form of an adduct with tetrahydrofuran (VCl3·3THF), a cyanide complex (K3[V(CN)6]), or other vanadium complexes such as carboxylates should not be neglected. For example, the first compound from this list is commercially available, stable at ambient conditions and soluble both in water and in organic solvents [48]. The proposed scheme is summarized in Figure 8.



The second scenario for V compounds relies on a reaction with H2O2 in the presence of an acid. The original Recupyl scheme (Equation (1)) for LiFePO4 includes hydrogen peroxide, H2O2, acting as an oxidizing agent for Fe2+ cations, allowing one to shift the equilibrium to the reaction products [93,94,96]. In the case of vanadium, the oxidant leads to the transformation of V3+ to VO2+ with subsequent formation of V5+ species (the reaction scheme is given for strongly acidic media, pH < 2):


V3+ + H2O2 = [VO2]+ + 2H+



(5)







Noteworthily, VO2+ is stable only under strongly acidic conditions. With the increase in pH, it hydrolyzes, forming oxy-anions that tend to polymerize and form protonated polyanions ([HyV2xO5x+2]y−4) [97]. Stabilization of the vanadium (4+) cation is a particular task that should be solved by optimizing the amount of the oxidizing agent, temperature and reaction time. The so-called vanadyl (VO2+) cation can be stabilized by complexation with widespread ligands generated by citric acid, oxalic acids, etc. [102,103,104].



In the presence of an H2O2 excess in the reaction mixture, the formation of V5+ peroxo complexes is possible:


V3+ + 2H2O2 + 2H2O = [VO(O-O)(H2O)3]+ + 2H+



(6)







The monoperoxo complex [VO(O-O)(H2O)3]+ cation is stable in a strong acidic medium (pH < 2) and characterized by frank red color. In the pH range 2–8, a yellow vanadium diperoxo complex [VO(O-O)2H2O]− is in equilibrium with monoperoxo ones (Table 2). It can be separated by a number of routes. One of them is precipitation of specific compounds such as ammonium oxodiperoxoamminvanadate NH4[VO(O-O)2(NH3)]. Another is stabilization of [VO(O-O)(H2O)3]+ by organic molecules (Figure 9). The chemistry and synthesis of vanadium peroxocomplexes have been widely investigated, and some of them are irreplaceable in specific niche applications, for example, as specific reagents for the epoxide group introduction into organic molecules (Figure 9) [96,105]. The complexes’ stoichiometries are summarized in Table 2.



The similarity between these phosphates hints at almost the same reaction scheme for NaVP2O7 (in inert atmosphere) dissolution in acidic media:


NaVP2O7 + H2O + 4H+ = Na+ + V3+ + 2H3PO4



(7)






Na3V2(PO4)2F3 + 6HCl = 2V3+ + 6Cl− + 3Na+ + 2H3PO4 + 3F−



(8)







If an oxidizing agent is added, formation of peroxocomplexes will be triggered, as was indicated earlier (Equation (6), Table 2). However, it should be noted that fluoride ions have to be removed from wastewater due to their toxicity [106]. Additionally, some experimental difficulties, related to the reaction of fluoride anions with the material from which the reactor is made, might occur. Further complex analysis of Na/V/P/O/F-containing solutions is necessary to obtain a better understanding of technological prospects. It is worth mentioning that the treatment of the residual mixture (solution containing phosphate, fluoride, or other anions) does not demonstrate any economic benefit currently—similarly to the LiMPO4 and related Li-transition metal phosphates. Nevertheless, processing of phosphorus-fluorine-containing wastewater is an important environmental problem that is becoming a necessary stage of sewage management. It can be provided using already established industrial methods; for example, chemical fluoride anion removal is mainly based on the formation of insoluble salts, such as CaF2 (Ca(OH)2 + 2F– = CaF2↓ +2OH–) [106]. Finally, one should note that purification of recycling products, such as V2O5, is a specific task relevant for studies in the chemical technology area. According to the literature data, the typical purity of V2O5 (or any other source of vanadium used in electrode material synthesis) is at least 98% [20,21,36,75,90]. Further growth of electrode materials production will shed light on this technological aspect and allow drawing a solid conclusion regarding the necessity of the development of purification technologies.




5.6. Management of Phosphorus-Containing Sewage


The technological units for phosphate-containing wastes are well-developed now and widely implemented for water purification [107,108,109,110]. Modern technologies used in urban sewage treatment plants include chemical, physico-chemical and biochemical units. The following reactions are the basis for a group of chemical methods.



Aluminum salts (Al3+) are typical coagulants that easily form an AlPO4 precipitate:


Al2(SO4)3·nH2O + 6HCO3− = 2Al(OH)3↓ + 3SO42− + nH2O + 6CO2↑



(9)






Al2(SO4)3·nH2O + 2PO43− = 2AlPO4↓ + 3SO42− + nH2O



(10)







Similarly, Fe3+ salts can be used:


Fe3+ + PO43− = FePO4↓



(11)







If Ca2+ is used, calcium carbonate or oxyapatite is precipitated:


Ca(OH)2 + HCO3− = CaCO3↓ + H2O + OH−



(12)






5Ca2+ + 4OH− + 3HPO42− = Ca5(OH)(PO4)3↓ + 3H2O



(13)







In the presence of NH4+, the reaction below occurs (possible both for Mg2+, Ca2+):


NH4+ + Mg2+ + PO43− + nH2O = NH4MgPO4·nH2O↓



(14)






3Mg2+ + 2PO43− = Mg3(PO4)2↓



(15)







This set of reactions does not cover all the complexities of wastewater treatment. Other technologies, including clay- and zeolite-based methods and ion-exchange resins, are also employed nowadays [106,111].





6. Summary and Outlook


The direct recycling approach for SIBs seems to have room for further improvement; additionally, the attention of the scientific and industrial communities in this direction will be affected by many factors, including the availability of, and market prices for, vanadium compounds. The hydrometallurgy of used triphylite-structured electrodes is now widely developed, and several technological units can be easily transferred to sodium-vanadium phosphates, while further optimization and fine-tuning with regard to vanadium and phosphorus solution chemistries will be required to achieve high efficiency. For instance, the formation of vanadium-phosphorus heteropolyanions may be a noticeable obstacle that should be paid particular attention. Furthermore, the ability of vanadium to form peroxocomplexes can be both an advantage and disadvantage at the same time. However, this feature provides vast opportunities for developing new, selective and refined methods of vanadium extraction. Contrarily, the design of organic compounds with lower toxicity and fewer costs, mainly amines, for vanadium leaching and optimization of the vanadium extraction processes presents additional, prospective directions for R&D.



This review covers only selected aspects of vanadium and phosphorus chemistry that are relevant for the development of a closed-loop life cycle economy and production of SIBs. Many other methods, based on some new or already known findings—such as liquid–liquid extraction, solid-phase extraction with resins for functionalized silica adsorbents, or sequential extraction, which are widely used in the soil sciences and in analytical chemistry—can be a viable basis for further recycling design [60,112].



In general, Na-ion battery chemistries have displayed notable progress in the last 10 years. Upon commercial deployment and further mass production, tons of spent battery wastes might penetrate into the environment, posing ecological risks unless properly recycled. To mitigate the potential ecological impact, a unified regulatory framework for all MIBs should be formulated and implemented, and specific chemical approaches for recycling battery materials and recovering critical components should be developed. Since vanadium-based electrode materials are of interest to Na-ion technology, in this review, we discussed the recycling techniques that are currently relevant or that might be adapted for vanadium- and phosphate-containing electrode materials, including those with fluorine, illustrated and elaborated in several case studies, and considered key strategies for creating and designing recycling technologies for batteries in the context of existing scientific and industrial reports.
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Figure 1. Key vanadium producers and SIB R&D according to [30,31,32,33,34]. Vanadium market data are given for 2021. PBAs—Prussian blue analogues, HC—hard carbon, C—carbon. 
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Figure 2. Schemes of direct (green), pyrometallurgical (orange), and hydrometallurgical (light blue) recycling methods for recovery of active materials in MIBs. Violet depicts initial electrode material synthesis from raw resources, battery assembly and use. TM = transition metal, AM = alkali metal. 
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Figure 3. Elemental abundance in the Earth’s upper continental crust. Adapted from [59] with permission. Key elements, used for the production of phosphate-based electrode materials for sodium-ion-batteries are highlighted in color. Copyright (2014) American Chemical Society. Created with BioRender.com (accessed on 6 June 2023). 
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Figure 4. ESHE–pH diagram of vanadium species in water at a total vanadium concentration of 1 µmol L−1, in a background electrolyte of 0.01 M NaCl at 25 °C. The roman numerals III, IV, and V indicate the predominance fields of V3+, V4+ and V5+, respectively. Red lines designate the transition between oxidation states, and the blue dashed lines delimit the stability window for water. Reproduced with permission from [60]. Copyright (2019) Elsevier. 
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Figure 6. (a) Optical images of the original and recycled components of an asymmetric bipolar SIB cell with Na3V2(PO4)3/C cathode and metallic Na anode. (b) XRD pattern of initial and reprocessed Na3V2(PO4)3/C composites. (c) View of HiNa Battery Technology Co., Ltd. NaCR32138 batteries. (d) View of HiNa Battery Technology Co., Ltd. NaCR26650 batteries. Adapted (a,b) from Liu et al. [29]. CC BY 4.0. Digital photos of HiNa Battery Technology Co., Ltd. Cells are provided at the company’s website (https://www.hinabattery.com/en/ (accessed on 15 April 2023)). 
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Figure 7. Scheme of selective V and P leaching from P-rich vanadium-bearing converter slag proposed in [27]. ΣV10 refers to the isopolyvanadate anions, and ΣPV14 refers to the P-V heteropolyacid anions. Adapted with permission from Zhang et al. [27]. Copyright (2019) Elsevier. 
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Figure 8. Pathways of the possible recycling process for vanadium-based electrode materials (on Na3V2(PO4)3 example). Created with BioRender.com (accessed on 6 June 2023). 
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Figure 9. An example of a V peroxocomplex structure and its application to benzene and substituted benzene hydroxylation reactions [105]. Reproduced with permission from [105]. Copyright (1996) Wiley. 
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Table 1. Abundances (10–4 wt. %) of chemical elements used in batteries in the upper continental crust, according to [46] and [47] respectively.
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Element

	
Abundance (10–4 wt. % of the Mass of the Upper Continental Crust)




	
Vinogradov (1962) [46]

	
Wedepohl (1995) [46]

	
Carmichael et al. [47]






	
Li

	
32

	
22

	
20




	
F

	
660

	
611

	
585




	
Na

	
25,000

	
25,670

	
23,600




	
Al

	
80,500

	
77,440

	
82,300




	
P

	
930

	
665

	
1050




	
V

	
90

	
53

	
120




	
Cr

	
83

	
35

	
102




	
Fe

	
46,500

	
30,890

	
56,300




	
Co

	
18

	
11.6

	
25




	
Ni

	
58

	
18.6

	
84




	
Cu

	
47

	
14.3

	
60
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Table 2. Forms of vanadium peroxo complexes in solution in various pH ranges. Adapted from [48] based on literature data [96,105].
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	Name
	Formula
	Structural Formula
	Color
	pH Range





	Peroxovanadium cation
	(VO3)2SO4
	[VO(O–O)(H2O)3]+
	Red
	pH < 2



	Diperoxovanadate
	KH2VO6
	[VO(O–O)2(H2O)]–
	Yellow
	2 < pH < 8



	Tetraperoxodivanadate
	K4V2O11
	[(O–O)2(O)V–O–V(O)(O–O)2]4–
	Yellow
	6 < pH < 9



	Tetraperoxovanadate
	K3VO8
	[V(O–O)4]3–
	Blue
	pH > 10
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