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Abstract

:

Conventional energy storage systems, such as pumped hydroelectric storage, lead–acid batteries, and compressed air energy storage (CAES), have been widely used for energy storage. However, these systems face significant limitations, including geographic constraints, high construction costs, low energy efficiency, and environmental challenges. Among these, lead–acid batteries, despite their widespread use, suffer from issues such as heavy weight, sensitivity to temperature fluctuations, low energy density, and limited depth of discharge. Lithium-ion batteries (LIBs) have emerged as a promising alternative, offering portability, fast charging, long cycle life, and higher energy density. However, LIBs still face challenges related to limited lifespan, safety concerns (such as overheating), and environmental impact due to resource extraction and emissions. This review explores the introduction of nanotechnology as a transformative approach to enhance efficiency and overcome the limitations of LIBs. We provide an in-depth overview of various nanotechnology-based solutions for LIBs, focusing on their impact on energy density, cycle life, safety, and environmental sustainability. Additionally, we discuss advanced thermal analysis techniques used to assess and improve the performance of nanotechnology-enhanced LIBs. Finally, we examine the role of nanoparticles in the environmental remediation of LIBs, offering insights into how they can mitigate the ecological footprint of battery disposal and recycling. This review aims to highlight the potential of nanotechnology to revolutionize energy storage systems and address the growing demand for efficient and sustainable energy solutions.
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1. Introduction


Energy storage is crucial for modern technology, directly impacting the efficiency and sustainability of global power systems. The need for advanced storage solutions is growing with the rise of renewable energy sources and electric vehicles [1]. Energy storage technologies play a crucial role in the transition to sustainable power systems, particularly in managing the intermittent nature of renewable energy sources such as wind and solar. With this increase in demand for renewable energy and electric vehicles, the development of efficient, scalable, and cost-effective energy storage solutions has become imperative [2]. Lithium-ion batteries have emerged as a promising alternative to traditional energy storage technologies, offering advantages that include enhanced energy density, efficiency, and portability. However, challenges such as limited cycle life, safety risks, and environmental impacts persist, necessitating advancements in battery technology. These storage systems provide a buffer to manage supply and demand efficiently, while also enhancing the robustness and reliability of power grids across various regions [2,3].



Traditional energy storage systems, such as pumped hydroelectric storage and compressed air energy storage (CAES), have been pivotal in managing energy supplies. However, these systems often require specific geographical features and involve substantial infrastructure, which makes them cost-intensive and reduces their industrial large-scale application [2,4]. Similarly, extensively utilized conventional battery technologies, comprising lead–acid batteries and nickel–metal hydride, have several challenges, including significant environmental impacts, lower energy densities, portability issues due to their heaviness, slow charging pace, sensitivity to temperature variations, and considerable maintenance requirements, further complicating their use in various applications [5].



In response to these challenges, lithium-ion batteries have been developed as an alternative to conventional energy storage systems, offering higher energy density, lower weight, longer lifecycles, and faster charging capabilities [5,6]. However, Li-ion technology also has limitations, such as safety issues due to overheating, limited lifespan, and high production costs, which eventually constrain their wider application [5,7]. A major safety concern with lithium-ion batteries is their susceptibility to thermal runaway, a condition where the internal temperature and pressure increase rapidly, potentially leading to explosions [7]. Also, the increasing demand for Li-ion batteries requires even higher energy capacities and longer-range capabilities, despite their high energy density. Li-ion battery technology still requires improved charging times compared to the refueling time of conventional vehicles to increase its adoption in electric vehicles [8]. It can be noted that these batteries degrade and lose their capacity and efficiency after several charging cycles [7]. Hence, extending the lifecycle and enhancing the stability of the battery through cycles can make it cost-effective and highly sustainable. Furthermore, the production of these batteries depends on mining expensive and rare materials, such as nickel, cobalt, and lithium, which have a significant environmental impact. The disposal and recycling techniques of these batteries are complex and energy-intensive, and only a fraction of valuables are recovered, which compromises their sustainability [7]. Thus, solving these limitations can enhance battery performance and enable wider and safer incorporation of these technologies into energy systems.



Nanotechnology is identified as a promising solution to the challenges faced by conventional energy storage systems. Manipulating materials at the atomic and molecular levels has the potential to significantly improve lithium-ion battery performance. Researchers have enhanced energy capacity, efficiency, and safety in lithium-ion battery technology by integrating nanoparticles into battery design, pushing the boundaries of battery performance [9]. Nanomaterials can include numerous active materials in the same space, compared to larger particles, which results in higher energy densities and allows the accumulation of higher energy by the batteries per unit volume. For example, a nanostructured cathode material can effectively expand the capacity of Li-ion storage, which extends the battery’s energy capacity [10]. Also, the nanoparticles’ greater surface-area-to-volume ratio allows distinct electrochemical reactions to occur simultaneously, which is essential for high-power delivery. Amongst their many advantages, they can create an open and interconnected structure that can facilitate the rapid movement of electrons through the electrode materials, which reduces the path for ions transport during charge and discharge cycles [9]. This improvement in ionic conductivity increases the power output of the batteries and results in a faster charging time. Nanomaterials can enhance a Li-ion battery’s life to withstand the stress of repeated charging and discharging cycles, compared with their bulk counterparts [11]. It is noteworthy that the reduction in the active particles’ size to the nanoscale leads to a decrement in strain in the materials during ion insertion and extraction, which helps in maintaining the electrode structure over longer cycles [10]. Nanotechnology can improve the thermal stability of lithium-ion batteries by enhancing heat dissipation and reducing the risk of overheating and thermal runaway, which are common concerns with larger particle materials [12,13]. Nano-engineered materials often utilize fewer toxic substances and can be synthesized using natural resources, reducing the mining and processing environmental footprint. Enhancements in material design at the nanoscale can lead to better recyclability of battery components, which can promote sustainable usage cycles. The integration of nanotechnology into lithium-ion batteries is important to address the energy challenges posed by renewable energy storage and electric vehicle adoption. Nanotechnology-enhanced lithium-ion batteries can mitigate issues related to capacity degradation and thermal instability, which are particularly problematic in high-demand applications such as grid-scale storage and electric vehicles. The development of these technologies is essential for the large-scale deployment of renewable energy systems that are both sustainable and economically viable [14]. This review explores the potential of nanotechnology-based lithium-ion batteries in addressing these challenges, with a focus on their performance, safety, and environmental impact.




2. Conventional Systems of Energy Storage and Their Limitations


Conventional energy storage systems have played a pivotal role in managing energy reserves, maintaining reliability, and ensuring the robustness of energy networks. Various technologies have been developed and implemented over the years, each with unique advantages and limitations. Clean and renewable energy sources, including biomass, solar, wind, tidal, and municipal waste, are naturally variable, which can pose challenges in ensuring a consistent and stable power supply. Wind power experiences significant fluctuations on various time scales, necessitating large energy storage solutions to ensure grid stability and a reliable power supply. Solar energy is limited to daylight hours and is predictable, which requires storage solutions for continuous power provision. The growing incorporation of renewable energy sources into power grids demands enhanced adaptability in energy transmission and distribution systems [15,16]. This section is an overview of certain common conventional energy storage systems, including lead–acid batteries, energy storage using compressed air (CAES), and pumped storage of hydroelectricity. This section also highlights the mechanisms, advantages, and limitations of conventional energy storage systems, which have driven the pursuit of more effective and long-lasting alternatives, such as lithium-ion batteries.



2.1. Compressed Storage of Air Energy (CAES)


The hypothesis of using condensed air for storing electricity was first proposed in the 1940s. The development of CAES moved from theory to practice in the late 1960s, which was driven by the increased grid size and load, as well as the growing requirement for peak shaving, standby power, and renewable energy integration [17]. CAES is a high-capacity energy-storage method that addresses the challenges of integrating unstable energy sources like solar and wind power into the grid, thereby improving their utilization rates. CAES systems save energy by pressurizing air, usually in subterranean caverns or surface-level tanks [18]. This innovative technology relies on gas turbine principles and operates by pressurizing air when demand is low or surplus energy of renewable category is available, such as wind and solar power. The pressurized air is stored in high-pressure reservoirs, which include gas chambers, mines, decommissioned wells, or underground salt caverns. When the need for electricity arises, the compressed air is discharged, expanded, and utilized to power turbines for generating electricity [19].



CAES includes key subsystems for compressing air, storing it under pressure, recovering heat, and converting stored energy into electricity when needed, as shown in Figure 1. The compression subsystem consists of compressors that utilize surplus electricity to create pressurized air and thermal energy. This pressurized air is reserved in the air storage subsystem, which has the potential to capture molecular potential energy in compressed-air storage units. During the energy release operation, the heat recovery subsystem reheats the pressurized air by mixing it with fuel in combustion chambers to elevate its enthalpy before expansion. Later, the heated, high-pressure air drives the expanders in the electric power generation subsystem, where the generated mechanical work is converted into electrical energy by motors or generators [20].



CAES systems are durable, with a typical lifespan of 30 to 40 years, due to their reliance on mechanical components that do not degrade rapidly, compared to chemical batteries. This makes CAES a robust and dependable solution for extended energy storage and management. During the charging phase, CAES systems utilize off-peak electricity and surplus renewable energy for efficient energy storage [20]. These technologies are further categorized into diabatic (D), isothermal (I), and adiabatic (A) processes, based on the desired optimization. The primary standard for distinct CAES classification is the ability to manage heat during the compression phase and before air expansion. In the diabatic (D) process, the production of heat during the compression of air is dispersed to the ambient atmosphere through the cooling of the pressurized air. Consequently, a supplementary source of heat is needed during the process of discharge to raise the pressurized air heat prior to entering the expander for the prevention of icing and condensation in the enlargement of machinery. In A-CAES, the heat generated during compression is stored in Thermal Energy Storage (TES) units and reused during expansion, reducing the need for external heat sources during discharge. As opposed to A-CAES and D-CAES, I-CAES seeks to reduce or entirely avoid heat generation over the period of compression, thereby simplifying the thermal management requirements [21].



Despite their advantages, CAES systems have an efficiency of around 42–54% and require specific geological formations for storage, which halts their implementation in large-scale applications. The construction of CAES facilities is also expensive, and energy losses during compression and expansion reduce overall efficiency. Hence, cooling the compressed air before storage or further compression is necessary to reduce power consumption but results in significant heat loss [20]. Innovative designs, such as adiabatic CAES, capture and store the heat that is generated during compression to enhance efficiency. Recent studies have also explored using abandoned mines and aquifers for CAES, which potentially reduces their environmental impact and cost. CAES is still in the developmental and trial stages of its lifecycle, largely due to the intricate nature and efficiency hurdles of the systems. Currently, two merely functioning plants of CAES exist in Huntorf (established in 1978, Germany) and McIntosh (1991, USA) with several key differences. The Huntorf plant utilizes two salt caverns with a pressure range between 4.8 and 6.6 MPa and operates on a daily cycle of 8 h of compression followed by 2 h of expansion. It delivers a power output rate of 290 MW and a 42% cycle efficiency [18]. In contrast, the McIntosh plant runs a single salt cavern storage with a 4.5 to 7.4 MPa pressure range. It incorporates a system for heat recovery that repurposes the heat discharged at the gas turbine exhaust, significantly increasing the total process efficiency from approximately 42% to 54% [18].




2.2. Storage of Hydroelectricity via Pumping Process (PHES)


Energy storage systems using hydroelectricity using a pumping process (PHES) are essential for maintaining the equilibrium between supply and demand in the electrical grid, particularly with the flourishing incorporation of intermittent sources of renewable energy. Engineers can optimize the procedure and design of these systems to maximize efficiency and minimize environmental impact by understanding the detailed components and processes, as PHES is a vital technology for achieving reliable and sustainable large-scale or commercial energy storage. PHES accumulates energy as potential gravitational energy by releasing water out of a lower section to the elevated basin [22]. During times of low electricity consumption or excess production, such as nights, or during high renewable energy output, the low-cost electricity is utilized to drive the water pumps into the reservoir in the higher position. This process generates potential energy that is stored in the elevated water. During extreme demand cycles, the accumulated water will be returned to the reservoir in the lower region through hydro turbines to produce electric energy via consequent potential into electrical energy conversion [15].



The mechanism of a PHES system can be split into two primary operations: the energy storage (pumping) phase and the energy release (generation) phase. The system contains a superior basin, which is a large water body located at a higher elevation that can store potential energy generated when water is drawn out of the reservoir in the lower position, as depicted in Figure 2. The reservoir in the lower region is responsible for the water electricity generation. Pumps or turbines also transport water between these reservoirs. These pump turbines are reversible and can operate as pumps as well as turbines, depending on the operation phase. The system includes penstocks, which carry an aqueous solution from the reservoir in the upper region to the turbines and pipelines, which are used for the reverse process during the pumping process. The turbine in the setup transforms the kinetic energy from the descending water into mechanical energy. Generators or motors convert the mechanical energy obtained into electrical energy during generation or convert electrical into mechanical energy to drive the pumps during the pumping phase. Most recent PHES systems have control systems for managing the unit operations to ensure optimal performance and coordination between the components [15].



The overall efficiency of PHES ranges between 70% and 85%, which can lead to energy losses during the pumping and generating phases due to factors, such as friction in the pipelines, mechanical inefficiencies in the pumps and turbines, and electrical losses in the generators and motors [24]. Although PHES offers several advantages, which makes it an effective means of incorporating sustainable energy into the power grid, it faces challenges, such as high capital costs and limited suitable locations for construction. This technology requires specific geographic features such as hills or mountains and access to large quantities of water and can have considerable environmental effects, including habitat disruption, especially concerning the aquatic ecosystem and water use concerns. The construction of the necessary infrastructure, including dams and reservoirs, is time-consuming and costly [25]. Although small-scale PHES systems are also being developed for regions that lack large-scale infrastructure, PHES under the ground (UPHES) and PHES with seawater (SPHES) are innovative machinery that can operate comparably to standard systems of PHES, with a key alteration in the utilization of the lower reservoir type. UPHES utilizes mines and abandoned quarries as sites for lower reservoirs, while SPHES uses the sea, which can reduce construction costs and time. Both technologies offer potential cost savings and a minimal environmental effect, as opposed to typical PHES. Also, variable-speed PHES is already used in Japan, where the speed of the pump rotation is controlled by asynchronous motor generators. This allows for the precise regulation of energy absorption during the pumping cycle. The integration of variable-speed pump turbines and the utilization of existing water bodies for storage can minimize environmental impacts and construction costs [15,25].




2.3. Lead–Acid Batteries (LABs)


Lead–acid batteries have been utilized for hundreds of years, and they are known for their reliability and low cost. Since their invention in 1859, lead–acid batteries have been a cornerstone of technologies to store energy for over 160 years. Lead–acid batteries are extensively utilized in automobiles and electric bicycles, which hold the largest market share among all battery types and serve as a vital power source in daily life. The main functioning materials in lead–acid batteries are lead dioxide (PbO2) at the electrode with a positive charge and lead (Pb) at the electrode with a negative charge [26,27].



A lead–acid battery consists of components that work together to drive the electrochemical reactions that are necessary for the working procedure of the battery to store and release electrical energy. A positive plate (cathode) composed of lead dioxide (PbO2), a plate (anode) with negative charge composed of sponge lead (Pb), an electrolyte that is an insipid solution of sulfuric acid (H2SO4), and a separator, which is an insulating material that prevents the negative and positive plates from touching while enabling ionic conduction, are the crucial components of these batteries as shown in Figure 3. The chemical reaction between lead, sulfuric acid, and lead dioxide enables the battery to store electrical energy during charging and release it while discharging to effectively generate energy from chemical to electrical forms and vice versa. In the unloading activity, when the battery is linked to an electrical consignment, electrons move toward the cathode from the anode across the exterior circuitry, supplying the necessary electrical power. Concurrently, a series of reactions via the electrochemical process takes place inside the battery. At the anode, sponge lead interacts with sulfate ions (SO42−) from the electrolyte of sulfuric acid, causing lead sulfate (PbSO4) production and the release of electrons. Simultaneously, a reduction reaction occurs at the plate with a positive charge, where the dioxide of lead interacts with sulfate ions, hydrogen ions (H⁺), and electrons, forming lead sulfate and water (H2O). The overall result of these reactions is the sulfate formation of lead on the negative and positive plates and the consumption of sulfuric acid, which decreases the acidity of the electrolyte. When an external energy source, like a battery charger, is coupled with the battery, it drives electrons back into the plate of negative charge and removes electrons from the positive plate, which can effectively reverse the flow of current within the battery. At the negative plate, sulfate ions are released into the electrolyte, while the sulfate of lead is reduced to the lead of the sponge. Further, the sulfate of lead is oxidized to a dioxide of lead to produce sulfate ions and hydrogen ions at the positive plate. This reverse flow of electrons regenerates lead and lead dioxide on their respective plates and restores the sulfuric acid concentration in the electrolyte, thus completing the cycle of energy conversion. This cyclical process underscores the efficiency and reliability of lead–acid batteries across different applications, from automotive to renewable systems for the storage of energy [28].



Lead–acid batteries possess several limitations that eventually affect their performance and longevity. They typically require longer charging times compared to other battery types, as fast charging may cause overheating and shorten the battery’s lifespan. They exhibit a comparatively high self-discharge rate, even when not in use, which can be challenging for standby uses where the battery is required to be ready for use at any time. They are also sensitive to temperature variations, where elevated temperatures speed up degradation while lower temperatures decrease capacity and efficiency. LABs have low specific energy (30–40 Wh/kg) because of lead’s high mass density (11.3 g/cc), rendering them a less suitable option for long-term energy storage applications [30]. Their limited depth of discharge significantly reduces their lifespan during the complete discharge process, which can lead to sulfation causing impaired functionality in the sulfate crystals of lead found on the plates of the battery. In specific applications, the LABs break down because of corrosion of the internal grid and sulfation on the external negative electrode. For instance, defective acceptance of dynamic charge and severe electrode sulfation with a negative charge under elevated restricted rate of charge (HRPSoC) conditions cause premature hydrogen release and water depletion in hybrid electric vehicles. In automotive starting, lighting, and ignition (SLI), as well as, uninterruptible power supply (UPS) systems in the stationary phase, corrosion of the grid and electrode shedding at the positive electrode are the main failure modes [31]. Further, prolonged curing, formation times, and overcharging can also lead to softening at the electrode of positive charge, while the stratification of acid and poor efficiency in below-freezing temperatures also hinder LABs’ functionality. Traditional flooded lead–acid batteries demand consistent maintenance, such as monitoring the electrolyte volume and supplementing it with distilled water. While maintenance-free variants exist, they are generally more expensive. These combined limitations pose significant challenges to the widespread adoption and reliability of LABs in various applications [31].



Aside from LABs having an energy efficiency of around 70–85%, which is lower compared to some of the latest battery technologies [32], they consist of hazardous substances, like lead and sulfuric acid, which present environmental and health threats if they are not properly handled and disposed of. The recycling process itself can be hazardous and requires stringent environmental controls to prevent pollution [33]. While lead–acid batteries offer reliability and cost-effectiveness, their disadvantages make them less suitable for several modern applications. Battery technology advancements and recycling processes are essential to mitigate these drawbacks and improve the overall performance and sustainability of LABs. Innovations such as advanced lead–carbon batteries incorporate carbon materials into the negative plate to improve cycle life and reduce sulfation. Additionally, the latest research has focused on other alternatives ti lead–acid batteries to mitigate their limitations [27,31]. Table 1 is an overview of different systems used to store energy, with their effectiveness, limitations, and recent advancements.



Conventional energy storage systems, despite their limitations, continue to play a vital role in the energy sector. Current research and technological advancements are dedicated to enhancing their efficiency, reducing their environmental impact, and making them economically viable. The limitations of conventional energy storage systems have led to the requirement for advanced and efficient energy storage solutions, where lithium-ion batteries are considered a potential alternative, despite their own challenges [34]. Lithium-ion batteries are widely used for energy storage but face challenges, including capacity retention issues and slower charging rates, particularly at low temperatures below freezing point. These issues stem from the properties of functional materials (anodes and cathodes) and electrolyte compositions, leading to increased resistance and reduced lithium-ion diffusivity [35]. Thus, researchers are on a quest to introduce a complementary technology to enhance the efficiency of batteries with Li-ion.





3. Nanotechnology-Based Li-Ion Batteries


Recently, nanotechnology has emerged as a groundbreaking field with the potential to revolutionize Li-ion battery technology as it holds great promise for enhancing its performance and sustainability. Researchers can enhance the properties and performance of Li-ion batteries by affecting nanomaterials to address the various limitations that are associated with conventional batteries [10]. Hence, this section summarizes certain types of nanoparticles used in Li-ion batteries (metallic nanoparticles, carbon nanoparticles, and other nanostructures) in Figure 4 and their roles in improving battery characteristics, such as cycle life, safety, and energy density.



3.1. Metallic Nanoparticles


Metallic nanomaterials have emerged as a critical component in the advancement of batteries with Li-ion, which offers a significant improvement in the overall life of the battery, the density of energy, and rates of discharge–charge. These nanomaterials, including nickel, cobalt, aluminum, and other metals, exhibit distinct characteristics like a large surface area, exceptional electrical conductivity, and robust structural steadiness for improved mechanical strength, making them ideal materials for battery applications. Further manipulation of the anode and cathode sections for specific properties was identified to augment the electrochemical characteristics and battery functionality of lithium-ion batteries [36]. The inherent properties of these metallic nanoparticles are the influential factors in choosing the anode or cathode. Researchers and engineers are continuing to develop advanced energy storage solutions that meet the growing demands of modern applications by understanding and leveraging these mechanisms [35].



3.1.1. Nickel Nanoparticles


Nickel nanoparticles have excellent electrical conductivity that can be harnessed to improve overall battery performance. Its conductivity from its electronic structure, which allows for efficient electron flow through the material, allows it to exhibit catalytic effects. This ease in electron movement and nickel’s variable oxidation states are crucial in the redox reactions associated with lithium-ion. Nickel nanoparticles improve electron transport by reducing the resistance within the electrode material, which results in fast charging and discharging cycles when they are integrated into the anode material. The elevated area of the nickel nanoparticles’ surface also enables greater contact points with the active material to create a conductive network that supports brisk electron movement. This property is essential for achieving high power densities and rapid charging capabilities [37]. The high surface area further helps to reduce the activation energy by lowering the energy barrier for lithium ions to enter and exit the electrode material. Furthermore, nickel nanoparticles improve the reaction rates of electrochemical processes by lowering the activation energy, which allows for the rapid addition and removal of lithium ions. This results in faster charging and discharging rates, boosting the battery’s overall efficiency [37]. The stability provided by nickel aids in preserving the integrity of the anode during repeated lithium-ion insertion and extraction cycles to prevent structural degradation by lowering the activation energy. In the anode, they prevent the cracking and degradation that typically occur during repeated lithium-ion insertion and extraction cycles. Moreover, nickel nanoparticles assist in the development of a steady solid electrolyte interphase (SEI) film through interactions between nickel and the electrolyte constituents, which helps in the robust formation of a uniform anode surface layer [36,38]. Therefore, the presence of nickel in the anode material influences the composition and SEI morphology layer, making it highly stable and resilient to cracking as the layer is essential for anode protection from continuous electrolyte decomposition, which may result in capacity degradation and shortened battery lifespan. This property of nickel nanoparticles makes it suitable for preserving the electrode materials’ structural integrity [38,39].



Research confirms that nickel nanoparticles exhibit superior rate potential and high efficiency when they are utilized as an anode in batteries with lithium-ion. A nickel electrode achieves a starting release capability at 0.03 C of 1111.08 mAh g−1, which maintains a capacity of 80% (884.30 mAh g−1) following cycles of 20. Also, it sustains a charge capacity of 253.1 mAh/g at an elevated 3.7 C of discharge scale [40]. These improved electrochemical characteristics are due to the intrinsic properties of nickel, as discussed in the earlier section. The nickel nanoparticles possess greater thermal stability than other anode materials, which suggests their potential as a safer alternative. It has a straightforward preparation method, which is beneficial for supporting the feasibility of large-scale production [37]. Overall, it has been confirmed as a convincing candidate for succeeding battery generation with anodes of lithium-ion to offer a compelling combination of performance, safety, and scalability.




3.1.2. Cobalt Nanoparticles


Cobalt nanoparticles improve the charge–discharge rates and overall capacity of the battery through their catalytic properties, which enhance the electrochemical interactions inside the battery. They are predominantly utilized in the cathode of batteries with Li-ion to achieve enhanced electrochemical reactions. LCO is highly attractive as a cathode material owing to its strong cycling performance, minimal self-discharge, theoretically significant 1363 mAh cm−3 of volumetric capacity, high-voltage discharge, and considerable theoretical specific capacity of 274 mAh g−1 [41]. These properties contribute to its ongoing dominance in the promotion of batteries with lithium-ion. Cobalt nanoparticles are excellent catalysts for electrochemical reactions. They provide active sites that facilitate the redox reactions during embolism and deintercalation of lithium-ion. Cobalt nanoparticles enhance the kinetics of the redox reactions by reducing the energy to activate lithium-ion in this process. This enhanced kinetics is possible due to the ability of cobalt to easily alter the oxidation states, which facilitates the electrochemical processes. This catalytic activity results in a rapid and efficient approach to discharging and charging [36]. Further, the extreme thermal stability of cobalt is critical in the prevention of thermal runaway, which is a common safety concern in high-energy batteries. The conductivity of the temperature of cobalt nanoparticles aids in the distribution of temperature generated during battery operation. This helps to maintain a common temperature throughout the electrode material, which prevents localized overheating and associated degradation. This makes cobalt an ideal choice for applications that require stringent safety standards. It can be noted that cobalt nanoparticles help to effectively dissipate heat, reducing the risk of overheating by improving the thermal management of the cathode material [36,41].




3.1.3. Aluminum Nanoparticles


Aluminum nanoparticles can greatly boost the efficiency of lithium-ion batteries via multiple mechanisms: reducing weight, reinforcing the electrode structure, improving thermal management, and enhancing electrochemical reactions. Aluminum from lithium-rich intermetallic compounds, such as LiAl, Li₃Al2, and Li₉Al4, exist at declined potentials of equilibrium (0.23–0.38 V vs. Li/Li⁺), which leads to an elevated capability of 993 mAh g−1 in theory [42]. These properties make them applicable as an eligible anode for batteries with lithium-ion. Additionally, its low cost, excellent electrical conductivity, and high abundance further boost its competitiveness relative to other anode materials that are presently undergoing extensive research [43].



A reduction in battery weight without compromising its energy capacity can directly improve energy density (energy stored per unit weight). The intrinsic low density of aluminum (about 2.7 g/cm3) compared to other common metals reduces the overall weight of the electrode material. This helps to reinforce the electrode material to enhance its mechanical integrity. This reinforcement prevents the active material from cracks or degradation during repeated charge and discharge cycles, thus extending the battery’s lifecycle [44]. Aluminum nanoparticles act as a binder within the electrode material, which holds the active particles together and prevents them from disintegration. This binding effect is crucial in maintaining the electrode’s structural stability, especially during the volumetric changes associated with lithium-ion intercalation and deintercalation. Likewise, aluminum nanoparticles possess the ability to reduce the mechanical stress and strain experienced during the cycling process, thereby mitigating the degradation processes, which eventually leads to fading capacity [44].



Aluminum nanoparticles improve the cathode material’s electrical conductivity by creating a conductive network within the cathode material, such as nickel. High conductivity is crucial for efficient charge and discharge cycles as it ensures rapid electron transport within the electrode. It can be noted that the high conductivity of aluminum nanoparticles can be achieved by creating a network pathway within the electrode material to facilitate the rapid movement of electrons during electrochemical reactions. This improved electron transport reduces internal resistance and enhances the overall power density of the battery. Aluminum nanoparticles can also act as a significant catalyst in enhancing the battery’s electrochemical reactions. They provide additional functional sites for the deintercalation and intercalation of lithium-ion, which facilitates the redox reactions taking place during cycles of discharge and charge [43,44]. The catalytic effect of aluminum nanoparticles helps in reducing the overpotential requirement of electrochemical reactions, which boosts the efficiency of the energy conversion processes. This reduction in overpotential translates to higher energy efficiency and better overall functionality of the battery.




3.1.4. Hybrid Metallic Nanomaterials


Hybrid metallic nanomaterials, which combine the benefits of multiple metals, have recently been used in cathodes as well as anodes to achieve superior performances. The combination of multiple metallic nanoparticles, such as nickel, cobalt, and aluminum, can provide synergistic effects, including enhanced electrical conductivity, improved thermal stability, and increased capacity, which eventually enhances overall battery performance [45]. Hybrid nanomaterials can achieve higher conductivity by combining the conductive properties of distinct metals, which results in a robust electron transport network. Further, the structural stability of hybrid materials is superior due to the combined mechanical strengths of the constituent metals, which reduces degradation and enhances the durability of the electrode material. Furthermore, hybrid nanoparticles can be tailored to optimize the specific properties that are required for distinct battery parts. For example, nickel–cobalt–aluminum (NCA) nanoparticles are used in the cathode to achieve high capacity and stability while maintaining lightweight and conductive properties. These particles are recognized for their high specific energy and power. Studies have shown that optimizing the size and distribution of nickel–cobalt–manganese nanoparticles within the cathode material can lead to better battery performance, specifically with regard to charge/discharge efficiency and thermal stability [46]. Also, lithium iron phosphate (LiFePO4) nanoparticles have been shown to offer high thermal stability and safety. Recent research further highlights the use of LiFePO4 nanoparticles to upgrade the specific capability and stability of cycles in batteries. It can be noted that LiFePO4 batteries are gaining attention in China for their high cycle life, cobalt-free composition, and low fire risk, despite their lower voltage and capacity, as opposed to NCA and nickel-manganese-cobalt (NMC) batteries. Recently, NMC batteries, especially NMC811 with 80% nickel, 10% manganese, and 10% cobalt, have gained popularity for battery electric vehicle (BEV) applications due to their enhanced energy with specificity, good power, sustained existence, and safety [46,47]. The choice of future battery chemistries will be influenced by raw material prices and availability, with NMC811 expected to compete strongly in the EV market [46]. Hybrid nanomaterials can optimize redox reactions to improve the battery’s efficiency and capacity by combining metals with distinct electrochemical properties [46].





3.2. Carbon Nanoparticles


Carbon-based nanoparticles, including carbon nanofibers, graphene, and carbon nanotubes (CNTs), are crucial for optimizing the conductivity and structural stability of Li-ion batteries. These nanoparticles provide an extensive surface area, exceptional conductivity of electricity, and vigorous mechanical strength, which are essential for high-performance batteries. The utilization of nanosized carbon materials in LIBs has led to notable increments in energy density, cycle stability, and charge rates [36,48].



3.2.1. Graphene


Carbon atoms are closely packed into a two-dimensional honeycomb lattice in graphene via sp2 hybridization to exhibit exceptional conductivity, structural robustness, an extensive area-specific surface (2630 m2/g), and conductivity of temperature exceeding 3000 W/m K, making it an excellent electrode candidate for batteries with Li-ion [36,48]. They are in distinct forms, with graphene nanosheets showing significant potential for application as a significant anode in batteries with Li-ion. However, recent studies report other competitive forms of carbon nanostructures, such as graphene paper, porous graphene nanosheets, and graphene microspheres [48]. Graphene nanosheets synthesized from artificial graphite have been identified to demonstrate the superior capacity of reversibility and suitable cycle operation due to their structural cavities and surface functional groups. Further advancements include the development of porous graphene sheets with onion-like nano-pore junctions, which offer a stable voltage platform and an explicit 245 mAh/g capacity. Furthermore, three-dimensional mesoporous graphene was demonstrated to achieve a revocable 1513.2 mAh/g capacity at 100 mA/g and maintain outstanding stability of the cyclic order with a specific 260.3 mAh/g capacity after 1100 cycles at a high rate [49]. These properties are attributed to the interconnected structures of pores, high area of surface with specificity, and ability to buffer the expansion of volume during charging and discharge cycles [36]. Environmentally friendly processes using renewable carbon precursors further simplify graphene production compared to traditional methods. The superior electrochemical performance of graphene in lithium-ion battery anodes, along with its ability to polymerize with materials such as phosphates and silicates, has the ability to enhance its functionality as a conductive carrier of being a highly effective material for advanced battery applications [48].



Key advancements also include combining graphene with supplementary active materials, including silicon and oxides of metal, to increase their conductivity and mechanical stability. For example, graphene–silicon composites can capitalize on the significant capacity of silicon and the conductive network of graphene. Graphene particles enhanced with silicon anodes were identified to achieve a specific 2020 mAh/g of capacity after 100 cycles with coulombic efficiency approaching 97%, which is significantly higher than traditional graphite anodes. This enhancement is due to the ability of graphene to facilitate rapid lithium-ion transport and reduce internal resistance [50].




3.2.2. Nanosized Tubes of Carbon (CNTs)


CNTs are cylindrical configurations created by rolling sheets of single-layered sp2-hybridized carbon atoms that are organized in hexagonal patterns. They are sorted into single-, double-, and multi-walled CNTs based on the quantity of rolled graphene sheets. They are highly regarded as anodes for batteries with Li-ion due to their enhanced conductivity, stability toward chemicals, and robust redox ability. Various studies have demonstrated that the electrochemical possessions of CNTs are notably affected by their morphology, structure, and synthesis methods [48]. These features provide efficient pathways for electron passage and the consistent ion allocation of lithium to reduce the risk of dendrite formation and improve the battery’s safety. The large surface area of CNTs provides numerous active sites for lithium-ion storage, which allows ions of lithium to interpose into the anode to increase the battery’s capacity and density of energy. Minimizing the internal resistance of Li-ion batteries improves electron transport and decreases energy dissipation as heat, thereby improving the overall energy efficiency of the battery. Hence, CNT-based batteries possess good structural reinforcement, proper heat dissipation, and increased active sites for lithium storage. These improvements make CNTs an invaluable material in advanced, enhanced Li-ion battery development, with potential applications varying from user-friendly electronics to vehicles running via electricity and commercial systems to store energy. Further, CNTs efficiently distribute heat across the electrode material to prevent localized overheating and minimize the chances of thermal runaway as efficient heat dissipation is critical for continuing the battery’s effectiveness and security. The stable operating temperature of a battery helps to preserve the electrochemical stability of the electrolyte and electrode materials to possibly extend its lifespan. CNTs’ flexibility allows them to hold volume expansion as well as contraction of the anode material, which eventually prevents cracks and degradation. Generally, this is beneficial for high-capacity anode materials, such as silicon, which undergo substantial volumetric alterations during charge cycles [36]. The mechanical reinforcement provided by CNTs extends the cycle life of the battery by maintaining the integrity of electrode structures over several cycles of the discharge and charge process. In cathodes, CNTs can be used in lithium iron phosphate cathodes to improve their conductivity and overall electrochemical performance. Extensive research and development in controlling the structure and morphology of CNTs will be essential to unlock their overall prospects in the future of batteries with lithium-ion.




3.2.3. Other Carbon-Based Nanomaterials


Carbon nanofibers and mesoporous carbon are the other carbon-based nanoparticles that have been identified to markedly enhance the power of lithium-ion batteries through their exceptional mechanical strength, efficient ion transport, thermal conductivity, enhanced surface area, and conductivity of electricity. These resources offer extensive surface areas and significant pore volumes to facilitate better electrolyte access and lithium-ion transport.



Nanosized Carbon Fibers (CNFs)


Nanosized carbon fibers are highly conductive one-dimensional materials utilized in batteries for their exceptional electronic conductivity. This network reduces internal resistance to facilitate rapid electron transport, creating continuous pathways for electron movement within the electrode by reducing energy loss. Therefore, they serve as effective conductive additives in electrode materials to improve the overall performance of LIBs. When these materials are engaged directly as the anode, they provide excellent lithium-storage capabilities by creating numerous intercalation sites through template and activation methods. Additionally, CNFs function as conductive and porous substrates in non-carbon electrodes to improve the electronic and ionic conductivity and stabilize electrode structures during the cycling process. This dual role significantly boosts the material’s electrochemical performance when utilized as cathodes and anodes in batteries with Li-ion [51]. When used in combination with silicon anodes, they accommodate volumetric changes, which are associated with intercalation and deintercalation to prevent mechanical degradation. Distribution of the mechanical stress during cycling processes prevents cracks and degradation of the electrode material, resulting in excessive capability and sustained cycle of battery life [36]. Porous carbon nanofibers have demonstrated improved capabilities for lithium-ion storage when utilized as the anode in batteries with Li-ion. They demonstrate a changeable specific facility of approximately 400 mAh g−1 at a rate of 0.5 C. Notably, CNFs retain significant capacities with rescindable dimensions of around 250 mAh g−1 at a rate of 10 C and 194 mAh g−1 at a rate of 20 C, and even under high charge–discharge currents. The nanoscale porous CNF framework featuring an explicit area of 74.5 m2/g surface was identified to contribute to their high-rate and high-capacity performance [52]. Electrochemical evaluations as anode materials reveal that CNFs maintain high capacity due to their extensive surface area and short lithium-ion transport paths, which can achieve a revocable 254 mAh/g of discharge capacity at a rate of 10 C after 100 cycles [52]. This underscores the potential of CNFs to address the limitations of batteries with Li-ions, particularly in applications requiring significant output of power, due to their substantial reversible capacity, excellent performance at high rates, consistent Coulombic efficiency, and favorable cyclability.




Mesoporous Carbon


Mesoporous carbon materials have a highly ordered porous structure featuring pore sizes that span from 2 to 50 nm. This nanostructure provides an extensive surface area coupled with superior electrical conductivity, making mesoporous carbon an ideal candidate to be utilized in batteries with Li-ion. The interwoven mesoporous carbon structure accelerates efficient electron transport to reduce internal resistance and upgrade the battery’s rates of discharge and charge. The short diffusion paths within the mesoporous structure can enable rapid lithium-ion transport, which enhances the battery’s power efficiency and output. Efficient ion transport reduces polarization during high-rate cycles of the discharge and charge process to improve the battery’s overall enactment. When combined with other active materials, mesoporous carbon can create synergistic effects that enhance the performance and durability of the electrode [53]. Recent advancements in the synthesis of mesoporous carbon nanoparticles have demonstrated significant potential for enhancing lithium-ion battery performance. Researchers have developed mesoporous carbon nanoparticles featuring expansive surface areas, consistent pore architectures, and high thermal properties, without acids, bases, or activating agents, by adjusting the ratio between the block copolymer and phenol. These nanoparticles, with their 832 m2/g of surface area and sizes of pores as small as 3 nm, exhibit excellent electrochemical performance when utilized as anodes in LIBs. The extensive surface area of these MCNs enhances lithium-ion transport and provides active sites for electrochemical reactions to improve charge/discharge rates and overall battery efficiency. Mesoporous carbon demonstrates superior electrochemical behavior due to its pore size and distribution, achieving 503 mAh/g after 75 cycles and a preliminary discharge competence of 482 mAh/g at 25 mA/g [54]. These results suggest that mesoporous carbon nanomaterials are promising candidates for advancing future battery technology with lithium-ion to provide high capacity, stability, and efficiency for energy storage applications.






3.3. Other Nanoparticles


Beyond metallic and carbon nanoparticles, other nanomaterials, including polymer-based nanoparticles, transition metal oxides, and sulfides, have been proven over the years to potentially revolutionize Li-ion battery technology. These materials can offer high theoretical capacities, are relatively abundant, and can address certain limitations of silicon and graphite. For example, TiO2-based anodes have been studied for their safety, stability, and long cycle life. Also, metal oxides, including oxides of manganese (MnO2) and cobalt (Co3O4), have been utilized in cathodes to increase capacity and stability [46,48].



3.3.1. Oxides of Transition Metals


Oxides of transition metals (MxOy, where M = Fe, Ni, Mn, Co, Mo, Cr, and Nb) are regarded as highly promising options for batteries of Li-ion anodes owing to their ability to deliver adjustable characteristics, around 2 to 3 times greater than traditional graphite. These materials are also eco-friendly, corrosion-resistant, and cost-effective. Additionally, transition metal oxides enhance safety due to their higher potential to intercalate lithium. Unlike the traditional intercalation process in conventional LIB systems, transition metal oxides undergo conversion reactions that allow for higher-capacity storage. This difference in mechanism provides important advantages in terms of capacity and overall performance. Their inherent properties make them appealing for next-generation energy storage solutions, which combine high capacity with better safety and environmental benefits [55].



Manganese Oxide (MnO)


MnO nanoparticles offer high specific capacities and are being explored for use in both anodes and cathodes due to their complete conversion reaction. Also, manganese is an abundant and inexpensive material, which makes MnO a cost-effective choice for battery applications. Further, MnO is environmentally benign compared to other materials such as cobalt-based compounds [45]. Likewise, MnO possesses a prodigious ability as an anode for batteries with Li-ion because of its relatively extraordinary theoretical exact 755 mAh/g of capacity, moderate discharge potential (0.5–0.6 V vs. Li/Li⁺), normal abundance, and environmental friendliness. However, MnO faces disputes such as the depleted conductivity of electronic capacity and significant extension of volume, which have led to their limited rate performance and quick capacity degradation. The integration of carbonaceous materials into the oxides for the formation of nanocomposites can overcome these disadvantages associated with such a promising material. This integration approach helps to mitigate the alterations in the volume of oxides during cycles of discharge and charge processes and enhances the conductivity of electricity, thereby improving the overall performance of the oxides. Recent studies have also emphasized the significance of polymeric binders. The binder not only binds the active materials and carbon black but also secures their adhesion to the substrate. This is crucial for transition metal oxide electrodes, which experience significant volume changes during lithiation. Recent researchers embedded a nanosized MnO composite in graphite flakes to exhibit remarkable low-temperature performance, delivering 382 mAh/g initially and retaining 354 mAh/g after 25 cycles at −20 °C with 100 mA/g of density toward the current [35].




Niobium Oxide (Nb2O5)


These materials are recognized for their high thermodynamic stability, which ensures good safety performance in both lithium-ion batteries. They exhibit fast electrochemical reaction kinetics, contributing to an extended cycling lifespan. However, Nb2O5-based materials face significant challenges, including low electronic conductivities, which may lead to reduced reversible capacity at elevated current densities. Additionally, they do not have flat charge–discharge plateaus and relatively low theoretical capacities compared to different alloy-based or conversion-based materials. Thus, it is essential to overcome these limitations to maximize the potential of Nb2O5-based materials in advanced battery technologies [56]. They exhibit swift lithium-ion diffusion and outstanding stability of cycles, making them a suitable contender for high-rate applications. The high diffusivity is attributed to the open channels and layered structure of Nb2O5, which facilitate rapid ion transport. The minimal volume change during the intercalation/deintercalation processes has led to excellent cycling stability, which allows Nb2O5 to maintain its capacity over several charge/discharge cycles. Further, Nb2O5 can perform well at high charge and discharge rates, making it a potential material for applications that require rapid energy delivery and uptake due to its fast lithium-ion diffusion and stable structure.





3.3.2. Transition Metal Sulfides


Molybdenum Disulfide (MoS2)


MoS2 nanoparticles provide high capacity and good electrochemical stability because of the integration of intercalation and conversion reactions to accumulate lithium in large quantities. The layered structure of MoS2 provides good structural stability during the cycling process to maintain its capacity over various cycles [57]. The two-dimensional layered structure facilitates lithium-ion diffusion and provides an extensive surface area for electrochemical interactions. MoS2 has emerged as a potential anode for batteries with Li-ion due to its layered structure, higher 670 mAh/g of capacity in theory, and affordability. Conversely, MoS2 faces challenges such as the degradation of structure during cycling and poor intrinsic electrical conductivity, leading to suboptimal electrochemical performance [35]. These issues can be addressed by MoS2 sheets, which are perpendicularly connected to graphene. Further, pure MoS2 exhibits an initial 693 mAh/g of discharge capacity, which decreases to about 200 mAh/g after 20 cycles. In contrast, the MoS2/graphene composite initially demonstrates 896 mAh/g of discharge capacity, which subsequently increases to 1077 mAh/g at 100 mA/g after 150 cycles [35]. The outstanding functioning of the G/MoS2 composite is due to the complementary effects of nanosized MoS2 and graphene crystals. This structure prevents the re-layering of the sheets made up of graphene and the clustering of MoS2 nanosized sheets amidst the process of cycling to provide numerous active sites available for lithium reactions and enhance the overall electrochemical performance [57].




Vanadium Sulfide (VS2)


Vanadium disulfide offers high specific capacities due to its ability to accommodate numerous lithium ions through intercalation and conversion reactions. Therefore, the layered structure of VS2 facilitates rapid lithium-ion diffusion that can enhance the pace of the discharge and charge process. VS2 has garnered significant attention for applications in spintronics, catalysis, sensors, and devices to store energy due to its excellent conductivity of electricity and attractive properties [58]. However, its potential as a favorable anode for batteries with Li-ion has been less explored compared to molybdenum disulfide or tungsten disulfide. Studies on these nanoparticles involved intercalating lithium ions into their tetrahedral sites and showed capacities lower than 200 mAh/g. VS2 has been primarily explored as an LIB cathode. Some researchers enhanced the interlayer spacing of VS2 through in situ oxidative polymerization to use it as a cathode material. This modification increased the interlayer distance from 5.71 to 14.01 Å, which resulted in a significant capacity improvement from 80 mAh/g to 130 mAh/g. Despite these advancements, the capacity of VS2 as an anode remains limited. Expanding the interlayer spacing and improving the reversibility of lithium-ion intercalation could enhance its performance in energy storage devices [57].





3.3.3. Nanosized Particles with Polymers


Nanosized particles with polymers are gaining significant attention within the realm of energy storage, especially in batteries with lithium-ion (LIBs), owing to their versatility, elevated capacity, and excellent electrochemical stability. Polymer electrolytes incorporating nanoparticles have been designed to enhance the conductivity of ions and the thermal stability of LIBs. These materials offer improved safety and performance compared to traditional liquid electrolytes. Further, polymer-based nanoparticles function primarily through intercalation and redox reactions and serve as anode materials in lithium-ion batteries. Ions of lithium intercalate into the polymer matrix, leading to a reversible charge storage. Polymers with redox-active groups undergo redox reactions that facilitate the reversible uptake and release of lithium ions. These mechanisms provide high specific capacity and contribute to the excellent electrochemical stability of polymer-based nanoparticles. Furthermore, polymer-based nanoparticles offer high specific capacities due to the efficient storage of lithium ions within the polymer matrix. Polymers can be tailored to include various functional groups and structures for the customization of electrochemical properties. Moreover, polymers are inherently flexible and lightweight, which is advantageous for applications that require these exclusive properties. Several polymers are environmentally benign and can be synthesized from renewable resources to contribute to greener battery technologies [59].




3.3.4. Silicon Nanoparticles


Silicon (Si) stands out as a potential anode for LIBs due to its superior theoretical capacity of over 3800 mAh/g, environmental friendliness, availability, and low potential value (<0.2 V vs. Li/Li⁺). Silicon anodes boast an impressive gravimetric capacity of 4200 mAh/g and a capacity of 9786 mAh/cm3 volumes, making them a superior material compared to traditional graphite anodes [60]. Nevertheless, significant volume expansion (up to 300%) during the lithiation process causes mechanical stress and eventual fracturing of the anode. Hence, researchers have developed various nanostructure synthesis techniques to stabilize silicon anodes. A silicon nanoparticle-based composite anode can maintain 90% of its capacity over 500 cycles by incorporating a flexible polymer matrix to accommodate changes in volume. Silicon anodes can store a high quantity of lithium ions compared to traditional graphite anodes [61]. Recent advancements have also focused on the modification of silicon nanoparticles through structural design, oxide complexing, and the development of silicon alloys.




3.3.5. Tin Oxide Nanoparticles


Tin oxide (SnO2) nanoparticles are another promising material for anodes, which can provide a substantial capacity for lithium storage and exhibit good cycling performance. Tin (Sn) has attracted significant attention as an alloying-type anode for LIBs as they can form Li4.4Sn, which has a capacity of 994 mAh/g in theory [62]. However, Sn anodes are prone to substantial power decline over time due to stress during the process of mechanics, which is initiated via alterations in the volume as high as 300% throughout the process of alloying and de-alloying. Anodes composed solely of SnO2 were identified to exhibit significant theoretical capacities based on weight (1494 mAh/g) and volume (10,223 mAh/cm3) [63]. SnO2 operates via a two-stage procedure that consists of a conversion reaction at ~1.2 V and a process of alloying at a relative 0.5 V to the electrode of the Li/Li⁺ reference. Despite its high theoretical capacity, SnO2 anodes experience a significant reduction in capacity at ambient temperatures and retain only 63% of their capacity following 100 cycles at 200 mA g−1 [64]. However, they demonstrate improved cycling stability at subzero temperatures. These advancements indicate that tin-based anodes hold promise for high-capacity and stable performance in LIBs, especially in low-temperature environments. The material demonstrates outstanding electrochemical performance, inclusive of high-capacity retention and rate capability. Tin is an abundant and cost-effective material, which makes SnO2 a viable option for large-scale applications [61]. Table 2 is the summary of certain nanoparticles in improving the performance of lithium-ion batteries.



Lithium-ion batteries have wide applications, but while nanotechnology provides a pathway to improving their performance, it is essential to ensure the thermal stability and safety of these advanced materials. Although nanoparticles enhance their energy capacity and cycle, their thermal behavior under various conditions must be thoroughly characterized to prevent hazards such as overheating or thermal runaway [56,57,58,59]. In the next section, we explore the importance of thermal analysis in evaluating the safety and efficiency of nanotechnology-enhanced lithium-ion batteries.






4. Thermal Analysis to Characterize LIBs Based on Nanotechnology


Lithium is an alkali earth metal that possesses a dominant market value due to its wide application in various sectors including the lithium-ion battery, rubber, ceramic, and glass manufacturing industries [65]. This metal is also used in therapeutics as a mood-stabilizing agent in various psychiatric disorders and its associated health risks [66]. Nevertheless, the extensive use of lithium brings up concerns over environmental and health impacts, leading to groundwater contamination and toxicity to agricultural products when its levels exceed the permissible threshold [67]. Among various applications, lithium is commonly used in battery applications, known as LIBs. Commonly, LIBs are made up of a cathode, an anode, a separator, and an electrolyte. These lithium-ion batteries have become crucial technologies for energy storage, serving as a power source for portable electronics (mobile phones, laptops, tablets, and cameras) and vehicles running on electricity because of their enhanced power and density of energy, sustained lifespan, and low maintenance [68,69,70,71,72,73]. Managing the thermal system of lithium-ion batteries is challenging because excessive heat can lead to degradation and potentially hazardous thermal runaway conditions [68,69,70]. This challenge was initially discovered after the announcement of the lithium-ion battery release in 1991 by the Sony Corporation, which led to the recall of phones that used batteries made up of lithium/MoS2 due to challenges in fire venting, resulting in damage to users [71,74,75]. Further, Li-ion batteries with conventional cathodes and anodes continue to face several issues due to the presence of metallic lithium in the unstable solid-electrolyte interphase and flammable electrolytes in Li-ion batteries [76,77,78].



Conventionally, there is a rising apprehension for safety awareness, which has resulted in a quest for alternatives to internal-combustion vehicles and traditional energy storage systems [68,69,72,79,80]. Amongst the alternatives explored, like batteries with nickel–metal hydride (NiMH), lead–acid, and nickel–cadmium (Ni-Cd), LIBs have an exceptionally high energy and power density, making them an increasingly attractive power source with various applications [69,77,79,80]. However, the attention to LIBs has steered toward a need for materials with improved electrochemical performance to effectively transport Li ions between the cathode and anode to enhance thermal stability and cyclability [76,78,81,82].



While several strategies to manage temperature such as the cooling of air, liquid, and materials with the ability to alter phases (PCMs) are proposed to regulate the temperature of LIBs, PCMs seem to be the most promising approach, offering advantages such as high thermal energy storage capacity, the ability to maintain a consistent temperature, scalability and adaptability to various battery designs, and improved battery safety and lifespan. Nanotechnology has demonstrated its ability to enhance the thermal stability of lithium-ion batteries under varying temperature conditions, particularly using phase-change materials (PCMs) [13,78,83,84]. The incorporation of nanomaterials in Li-ion batteries through nanostructured electrodes, nanocomposite separators, and nanoparticle-based electrolytes can significantly enhance their performance by improving Li-ion diffusion, electrochemical performance, cycle life, and lithium storage capacity [84,85]. Holzapfel et al. (2006) [86] demonstrated that the use of nanosized electrodes with silicon material exhibits rapid lithiation kinetics, high capability for the discharge reaction, and reduced gas evolution, enhancing LIBs. The authors employed a multi-technique approach after developing the nano-silicon Li-ion battery by combining various novel approaches to validate its enhanced performance and confirm its status as an improved Li-ion battery [86]. Further, Wu et al. (2015) [87] developed graphene-supported nanocomposites of Li-ion batteries with varying morphologies to exhibit outstanding electrochemical properties, making them a promising choice as an anode material to fabricate LIBs. The exceptional electrochemical ability of these graphene-supported nanosized composites is attributed to their unique structure, which enhances lithium-ion intercalation and charge transfer [87]. The results suggest that these nanocomposites have significant potential to enhance the capability and longevity of LIBs [87]. Other related studies have also confirmed that the utilization of a phase-changing composite material with a nanostructured surface improves thermal energy storage capacity and stability [88,89,90]. Moreover, hybrid thermal management systems that combine air cooling and nanocomposites of phase-changing materials have also demonstrated applicability in developing the cooling characteristics of LIBs [91,92].



Thermal analysis is crucial in the development of nanotechnology-based lithium-ion batteries as it ensures safe operation by optimizing both performance and safety [93]. Generally, the analysis of temperature is a technique used to assess a material’s properties as it changes with temperature [94]. Thus, the incorporation of the thermal analysis step in the development of LIBs serves as a tool for evaluating the cell’s thermal management system, identifying possible thermal hazards, and optimizing the design and operating conditions. All these analyses are critical to the longevity, performance, and safety of the battery [73,83,91,93,95]. This section reviews the thermal assessment techniques used to characterize the thermal properties of lithium-ion batteries. These techniques can function either as a standalone mechanism (standalone thermal analysis) or a blend of several distinct tools to offer comprehensive knowledge of the thermal properties of LIBs.



4.1. Standalone Analysis of Temperature


Standalone thermal analysis refers to the examination of thermal properties and performance of nanotech-enhanced Li-ion batteries without external influences, such as electrical loads or environmental factors. This type of analysis focuses on understanding the intrinsic thermal characteristics of the battery materials and components to determine characteristics, such as the exact capacity, conductivity of temperature, and diffusivity of battery materials and components. Key techniques used in the standalone thermal analysis of lithium-ion batteries include Differential Thermal Analysis (DTA), Differential Scanning Calorimetry (DSC), Accelerating Rate Calorimetry (ARC), Isothermal Titration Calorimetry (ITC), Thermal Conductivity Analysis (TCA), Thermogravimetric Analysis (TGA), Infrared Thermography (IRT), Thermal Diffusivity Analysis (TDA), and Thermal Expansion Analysis (TEA). These procedures are devoted, in various studies, to examining the thermal properties and behavior of nanotechnology-based Li-ion batteries, providing valuable insights into their thermal performance, stability, and safety. Amongst these thermal analysis methods, the two most frequently employed standalone techniques are DSC and TGA [96]. A brief description of certain key standalone thermal analysis techniques is discussed in Section 4.1, which highlights their significance and applications in previous studies on nanotechnology-based Li-ion batteries.



4.1.1. Differential Scanning Calorimetry (DSC)


DSC measures the absorption and liberation of temperature by a sample during heating or cooling at a controlled rate [96,97,98]. This characterization method provides information on phase transitions, melting points, and the degradation temperature, making it the most utilized standalone thermal analysis approach since it is fast and easy to use [94,96,98]. DSC has also been applied in several fields, including food sciences, pharmaceuticals, the polymer industry, and ceramics, and its application in the thermal analysis of nanotechnology-based Li-ion batteries has proven to be valuable due to its high sensitivity [94,98,99,100,101]. For instance, Yi et al. (2013) [99] demonstrated the thermal stability of various electrodes, including microsized and nanosized LCO, delithiated LiFePO4, and lithiated Li4Ti5O12 using DSC analysis. Their research revealed that the thermal stability of these substances is primarily determined by their structural stability [99]. Moreover, the nanosized LCO demonstrated reduced thermal stability due to its propensity for oxygen release, though the electrode materials exhibited similar thermal stability. Their findings suggested a strong correlation between thermal stability and oxidation/reduction activity [99]. Similarly, Xu et al. (2014) [100] developed a novel dual-phase Li4Ti5O12/TiO2 nanocomposite with a large surface area and hierarchical pores, showing great potential for ultrahigh-power batteries. The thermal analysis conducted with DSC revealed that the material had improved thermal stability and exceptional rate capability and cycling stability. Their findings suggested that the Li4Ti5O12/TiO2 nanocomposite is a prominent, safe energy storage solution [100]. Recently, Nakajima et al. (2021) [101] revealed that LiMn2O4 nanoparticles can exhibit a relatively low surface energy, which is significantly reduced by the introduction of scandium. The authors identified that the reduction in surface energy leads to enhanced stability against particle coarsening and reactivity with water via DSC technique-based thermal analysis, making scandium-doped LiMn2O4 a possible option for developing highly stable cathode materials to fabricate Li-ion batteries [101]. Even though DSC has been widely employed in standalone thermal analysis, it has certain limitations, such as the slow measurement rate and requirement for small sample sizes, which can restrict its applicability in the study of battery materials, particularly when larger sample sizes or rapid analysis are required [98].




4.1.2. Thermogravimetric Analysis (TGA)


TGA monitors the changes in weight of a sample during warming or cooling to provide information on moisture content, decomposition temperatures, and reaction kinetics [95,96]. TGA is a widely used technique for analyzing nanoparticles to determine their thermal stability and identify their composition, including the presence of solvents, moisture, organic and inorganic components, and decomposition products [95,102]. In a study on nanosized cobalt oxide (CoO) anode material, Chen et al. (2010) [103] uncovered a significant link between excess oxygen content and anomalously high capacity. The TGA analysis identified the presence of excess oxygen in the CoO-A sample, which was supported by XAS (X-ray Absorption Spectroscopy) results. This excess oxygen emerged as the primary driver behind the remarkable capacity, which opened up the prospect of developing lithium-ion batteries with significantly enhanced energy storage capabilities [103]. Several studies in the literature also highlighted the critical role of TGA in detecting excess oxygen content, which is a crucial element in influencing material performance in lithium-ion batteries [103]. While TGA has been established as an excellent standalone method for characterizing battery materials, it also possesses limitations, including the inability to provide insights into heat flow and heat capacity, which restricts its capacity to comprehensively characterize battery materials [98].




4.1.3. Differential Thermal Analysis (DTA)


This method determines the temperature contrast between a test subject and a reference as they are heated or cooled to offer insights into phase transitions and thermal events. DTA is a technique related to DSC, which utilizes the principles of phase transitions between liquids and solids to collect information about a sample’s properties, such as its phase diagram mass and enthalpy of fusion [104]. Day et al. (2015) [104] employed DTA to investigate the liquid electrolyte in lithium-ion pouch cells. In this study, an apparatus was designed to perform DTA on entire cells, simultaneously tracking the sample cell’s temperature and reference during a temperature-regulated scan across the melting point of the electrolyte. This generated a unique thermal profile of the electrolyte, revealing insights into its composition and quantity without compromising the performance of the cell [104]. Further, Bauer and Dahn (2021) [105] also utilized the DTA technique to explore the effects of the negative electrode’s overhang on electrolyte concentration gradients in lithium-ion cells. The study identified that the overhang region’s equilibration with the bulk negative electrode is a slow process by analyzing the thermal behavior of cells with different negative electrode dimensions and comparing the results to a commercial cell, which can lead to persistent alteration in the gradient concentration of the electrolyte via charging or discharging processes [105]. The authors showcased the potential of DTA in differentiating between graphite electrodes with varying levels of tortuosity, providing valuable insights into electrode design and optimization [105]. While several studies on nanotech-based Li-ion batteries have utilized DTA, it is usually combined with other standalone thermal analysis techniques, such as TGA and DSC [106,107,108,109,110].




4.1.4. Thermal Conductivity Analysis (TCA)


TCA is a technique used for the measurement of a material’s ability to conduct heat or the conductivity of temperature. This method is frequently employed to assess and optimize the thermal performance of materials as well as to investigate heat transfer mechanisms within materials and systems. Mortazavi et al. (2017) [111] managed the temperature of LIBs using paraffin-based nanocomposites. In this study, a multiscale modeling approach was employed to combine atomistic and continuum methods to investigate the heat conductivity of paraffin strengthened with graphene or hexagonal boron nitride nanosheets [111]. The results indicated that the incorporation of the graphene and hexagonal boron-nitride nanomaterials significantly improved the conductivity of paraffin’s temperature, where the overall performance of the battery’s temperature was not substantially enhanced [111].




4.1.5. Infrared Thermography (IRT)


IRT utilizes infrared radiation to evaluate the temperature distribution on the surface of a sample. This method can be used to provide information on temperature mapping, heat transfer, thermal conductivity, and thermal diffusivity. Further, this approach can be utilized to characterize the ability of a commercial 26650 cylindrical LIB cell’s temperature. Recently, Giammichele et al. (2022) [112] established that IRT accurately measured the thermal response of the battery to reveal a significant contribution from the reversible heat generation term. The study also demonstrated the reliability of IRT in analyzing the thermal behavior of a Li-ion battery [112]. Specifically, their results highlighted a thermal response, such as the charging/discharging cycles of the battery, which allows for a better understanding of its thermal management requirements [112]. While other studies and developers have utilized the IRT approach to assess the performance of commercial Li-ion battery cells, it has not been completely explored as a standalone technique in the characterization of nanotech-enhanced Li-ion batteries [113,114,115].





4.2. Combination of Distinct Tools for Thermal Analysis to Characterize Nanotechnology-Based Li-Ion Batteries


The combination of multiple thermal analysis techniques provides a comprehensive understanding of nanotechnology-based Li-ion batteries. Although this approach requires several tools, it allows for the validation of characteristics across different techniques, providing a comprehensive understanding of the material’s thermal performance. The main drawback of standalone thermal analysis methods is their inability to offer comprehensive details about the morphology and chemical makeup of battery materials as they only reveal characteristics, such as heat capacity, thermal conductivity, and thermal stability [98]. Therefore, additional techniques are required for a broader characterization. Moreover, the combination of distinct tools aids in the identification of potential limitations or biases in individual methods as standalone techniques may not account for the dynamic interactions and variable conditions that occur in real-world battery operation, potentially leading to an incomplete or inaccurate understanding of thermal behavior [98]. Hence, researchers and developers can unlock the complete potential of nano-enhanced Li-ion batteries in driving innovation in electric vehicles, renewable energy systems, and mobile electronics. In recent times, interest in the use of combined tools to assess the thermal characteristics of Li-ion batteries has seen a significant increase [98,116,117,118]. Several recent integrations for the characterization of nanotechnology-based Li-ion batteries are included in this section.



4.2.1. DSC—TGA—FTIR—SEM


This integrated approach links thermal behavior to chemical transformations, offering insights into the thermal performance, chemical makeup, and molecular architecture of battery materials [98]. In a study by Jagadeesan et al. (2019) [117], this combined approach was used to investigate the impact of TiO2 nanoparticles on gel polymer electrolytes. The study revealed significant improvements in thermal stability, chemical structure, and interfacial properties, which led to enhanced overall performance [117]. The authors successfully developed a nanocomposite polymer electrolyte with promising characteristics for Li-ion battery applications by leveraging these techniques [117].




4.2.2. TGA—DSC—FESEM—TEM—XRD—Raman Spectroscopy—FTIR—Moss-Bauer Spectroscopy


This combined approach is particularly useful for assessing the thermal stability and decomposition (TG-DSC), microstructure and morphology (FESEM-TEM), crystal structure and phase identification (XRD), molecular structure and bonding analysis (FTIR-Raman), and magnetic properties and spin states (Moss–Bauer) of complex and composite material systems. Mohan et al. (2014) [118] conducted a comprehensive characterization of carbon-coated LiFePO4 nanoparticles synthesized via a combustion method utilizing this combined approach. The results of their analysis revealed a well-defined olivine structure with a crystallite size of 30–40 nm and a unique porous network morphology [118]. The nanoparticles demonstrated exceptional electrochemical efficiency together with an elevated discharge capacity and outstanding cycling stability. This integrated approach enabled the successful development and assessment of carbon-coated LiFePO4 nanoparticles with enhanced properties, well-suited for commercial Li-ion battery applications [118].




4.2.3. TGA—DSC—DTA—CV—IS—XRD—SEM—FTIR


Another interesting combinational approach is the integration with electrochemical methods, including impedance spectroscopy (IS) and cyclic voltammetry (CV), as they provide information on the electrochemical behavior of battery materials, revealing the link between thermal stability and electrochemical performance and enabling a more comprehensive understanding of battery functionality [98]. For instance, Mylarappa et al. (2018) [108] synthesized CoFe2O4 nanocrystals from waste Li-ion battery powder using a hydrothermal method with citric acid. They characterized the material using a combination of techniques: XRD for particle size and crystallinity, SEM for morphology, FTIR for functional groups, and TGA, DSC, and DTA for thermal properties [108]. They also conducted electrochemical studies using CV, impedance spectroscopy, capacitance, and electron transfer resistance measurements [108]. Their results showed the successful synthesis and characterization of CoFe2O4 nanocrystals with potential applications in energy storage [108].




4.2.4. TGA-ARC (Accelerating Rate Calorimetry)—XRD—MS (Mass Spectrometry)—Raman—FTIR—ICP (Inductively Coupled Plasma)


This range of techniques has provided a thorough understanding of materials’ thermal, structural, and electrochemical properties as well as their gas evolution and decomposition products (MS) and elemental composition and purity (ICP). Haik et al. (2009) [119] utilized this range of techniques to assess four cathode materials, namely the layered formation of LiMn0.4Ni0.4Co0.2O2, LiMn0.33Ni0.33Co0.33O2, and LiMn0.5Ni0.5O2 and the spinel formation of LiMn1.5Ni0.5O4 [119]. The results obtained from the integrated technique provided a comprehensive understanding of the materials’ thermal behavior, structure, and composition, thus informing their potential for use in Li-ion batteries [119].



Researchers can gain a deeper understanding of nanotechnology-based Li-ion batteries and optimize their design and performance for improved energy storage and safety by utilizing standalone thermal analysis techniques in conjunction with other techniques. Table 3 lists the characterization of some of the developed nanotechnology-based Li-ion batteries using the thermal analysis tools discussed. Further, spent lithium-ion batteries contain many chemicals and heavy metals including nickel, cobalt, copper, manganese, aluminum, graphite, salts, solvents, additives, polyethylene, and polypropylene, which can severely pollute the environment if not given enough attention [120]. Hence, devising a proper remediation strategy is required for dealing with spent lithium-ion batteries, especially for heavy metal contaminants, which is summarized in Section 5.



Understanding the thermal properties of lithium-ion batteries is crucial not only for improving their performance but also for ensuring their safe disposal at the end of their lifecycle. Nanotechnology, while offering significant improvements in battery functionality, can also play a key role in addressing the environmental challenges associated with battery disposal [116,117]. In the following section, we discuss how nanoparticles can be used to remediate the environmental impacts of spent lithium-ion batteries, providing sustainable solutions for energy storage systems.






5. Nanoparticles for the Environmental Remediation of Li-Ion Batteries


Conventional remediation techniques often face limitations in stability, reliability, and cost effectiveness when addressing emerging environmental pollutants [125]. Nanotechnology has gained attention among researchers for its pivotal role in remediating emerging environmental pollutants with minimal environmental impact [126]. The leveraging of tailoring the surface properties of nanomaterials opens up wider applications in environmental remediation with higher precision [127]. The most widely accepted nanosized materials that are effectively utilized for remediating waste batteries or lithium cells are carbon-based nanomaterials, nanocellulose materials, and nanosized metal oxides [128].



5.1. Nanosized Carbon Materials


Carbon is a versatile element that is widely available in the earth, and its nanosized counterparts are one of the most promising nanomaterials broadly utilized in distinct fields [129]. Carbon-based nanomaterials are effective at adsorbing various organic and inorganic pollutants due to their high adsorption capacity, hydrophobicity, active surface sites, and customizable functionalization [130]. Carbon nanotubes and graphene are the most extensively utilized carbon nanomaterials for environmental remediation [131]. Carbon nanotubes are one-dimensional nanoparticles with single- and multi-walled structures, and their enhanced area of surface, functional groups, and substantial volumes of pores facilitate the adsorption of environmental contaminants [132]. They are commonly used to eliminate polyethylene, polypropylene, and other chemicals through π–π interactions. Carbon nanotubes with magnetic properties [133], bimetallic conjugation [134], and functionalization [135] facilitate their easier elimination of chemicals, heavy metals, and synthetics. For instance, Liang et al. [136] demonstrated the removal of metal and trichloroethylene from water using Al2O3 multi-walled nanotubes. The efficiency of pollutant removal may be enhanced by the doping of metal ions, which was proven by Liu et al. [137] who employed Fe3C-N-doped carbon nanotubes to eliminate chromium metal. The carbon nanotubes are resistant to soil pH and retain their adsorption behaviors for a longer duration, making them efficient for remediating soil contaminants [138]. Several reports have suggested their wide spectrum of remediations in various soil contaminants, including copper [139], organochlorides [140], radionuclides [141], mercury [142], nickel [143], and cobalt [144].



Graphene is a 2D carbon nanomaterial with hexagonal lattice structures, and its abundant oxygen-based functional groups effectively stabilize minerals through complexations, ion exchange, and electrostatic interactions [145]. Graphene oxide contains numerous oxygen-rich functional groups like hydroxyl, phenol, carboxyl, lactone, quinone, and epoxide, which confer its hydrophilic nature and easier dissolution in various solvents [146]. Graphene-based composites have shown greater affinity toward distinct environmental pollutants, especially heavy metals [147]. Polyvinyl alcohol graphene oxide nanocomposites have exhibited the efficient removal of cobalt and strontium [148]. Similarly, copper and uranium were removed effectively by graphene oxide encapsulated in polyvinyl alcohol and sodium alginate hydrogels [149]. The excess lithium in spent batteries can be removed effectively using ether-functionalized graphene oxides [150]. Additionally, EDTA- and amine-functionalized graphene oxide have efficiently removed nickel from the medium [151]. Yan et al. [152] recorded the rapid removal of iron and manganese using magnetic graphene oxide nanoparticles. Graphene oxide has also been widely used for the remediation of organic pollutants, such as bisphenol [153], doxycycline [154], and aniline [155].




5.2. Nanocellulose Materials


Cellulosic green biosorbents are one of the eco-friendly solutions emerging for Li-ion battery remediation. Cellulose can provide higher binding affinities and the efficient adsorption of contaminants [156] due to their higher aspect ratio with controlled interfacial interactions at the nanoscale level. The presence of abundant hydroxyl groups, which is an excellent platform for surface modification, allows for the grafting of various functional groups to cellulose moieties for the immobilization of pollutants [157]. Moreover, the unique characteristics of cellulose, including hydrophilicity, quantum effects, chemical accessibility, and functionalization potential, represent their potential in environmental remediation. It can be noted that cellulose is non-toxic and highly biodegradable and can effectively eliminate secondary pollution compared to carbon and mineral nanoparticles [158], which makes it an interesting material to be employed for environmental applications. Cellulosic nanoparticles are known to be highly active; however, their surface properties are often obstructed due to the higher self-aggregation via hydroxyl hydrogen bonds [159]. This self-aggregation issue can be solved via surface modification, such as emulsion polymerization. In this process, the formation of hydrogels/cryogels increases the surface area. Further, the freeze-drying process may result in the formation of lightweight sponge-like material with improved porosity, targeting contaminant adsorption [160]. Modification in the hydrophilic functional moiety of nanocellulose with oxygen or carboxy groups enhanced their efficiency in metal remediation due to the rapid adsorption of contaminants by the carboxy group and chelation by oxygen with two lone pairs of electrons [161,162]. The modifications of poly itaconic acid and poly methacrylic acid introduce three carboxyl groups into the cellulose structure, which enhances their hydrophilicity, reactivity, and efficiency in eliminating cobalt [163]. Furthermore, distinct polysaccharide impregnation of the cellulose nanomaterials, such as chitin [164], lignin-zeolite [165], and other nanocomposites, tends to enhance the remediation of polyethylene and polypropylene from the spent batteries [166].



The core family of cellulosic nanomaterials includes cellulose nanocrystals (needle-shaped crystalline fibrils), cellulose nanofibrils (nanosized thin flexible fibrils), and bacterial cellulose (cellulose nanofibrils of bacterial origin) [167]. Cellulose nanocrystals have been proven to be excellent adsorbents of various pollutants, including plastics, heavy metals, organics, and chemical contaminants. The cross linking of aerogels, modifications by ionic liquids, and linking graphene oxides enhanced the lithium and boron removal by cellulose nanocrystals [168]. Similarly, date pit-impregnated cellulose nanocrystals in ionic liquid enhanced the lithium removal from groundwater [169]. Cellulose nanofibrils have different types, including one-dimensional material for easier fabrication of hybrid nanomaterials, two-dimensional films via cross linking through interactions, and three-dimensional hydrogels; all of these are promising in the adsorption and removal of spent contaminants [170]. A multitude of ionic groups can be attributed to cellulose nanofibrils including carboxylic, sulfate, and ammonium, which can improve their adsorption efficiencies. Carboxylated nanofibrils with negative charges can attract all positive ionic states of heavy metals, including uranium [171]. The functionalization of cellulose nanofibrils with 3-aminopropyltriethoxysilane [172], amine groups [173], thiol [174], and succinic anhydrides [157] showed varied capacities for removing distinct metals present in the environment. Bacteria-synthesized cellulose nanofibrils are natural biopolymers that exhibit superior hydrophilicity and mechanical properties, while also being biodegradable and renewable [175,176]. However, the absence of a larger surface area of bacterial cellulose nanofibrils necessitates surface modification or functionalization for remediation [177]. For instance, arsenic removal was enhanced by the single-step synthesis of amine-enriched magnetite/bacterial cellulose nanocomposites [178]. Similarly, the carbonization activation of the nitrogen atmosphere for the preparation of porous ultrafine nitrogen-doped nanofibers from bacterial cellulose exhibited excellent adsorption properties [179].




5.3. Nanosized Metal Oxides


Metal oxides with distinct shapes, pore sizes, and scales can have different adsorption characteristics for various metals and chemical components [180]. In general, nanosized metal oxide particles have large specific surface areas conducive to their rapid and efficient adsorption phenomenon. These adsorption and desorption methods are easier, more cost-effective, and more efficient in terms of eliminating the contaminants of spent lithium-ion (Li-ion) batteries. Metal oxides including iron oxide, titanium oxide, and manganese oxide are widely employed for the remediation of spent Li-ion batteries [181]. The synthesis methods of metal oxides confer different properties and adsorption to the particles [182]. For instance, the chemical synthesis of iron oxide to form magnetite/graphene oxide composites using gas-phase or liquid-phase methods with various functional groups has been demonstrated to enhance their remediation capacities toward metals.



Iron oxide nanoparticles are one of the most widely employed metal oxides for spent battery remediation, with better adsorption efficiencies compared to other oxides [183]. Further, these nanoparticles are easy to separate after their remediation process with less of an environmental impact due to their natural magnetic properties. Furthermore, iron oxides with varied functional groups have shown affinity toward different pollutants. The iron oxide mineral goethite with fulvic acid was identified as efficient in eliminating copper, lead, cadmium, and calcium from the contaminants [184]. The higher surface area of synthesized Fe2O3 nanofibers using electrospinning [185] and the sol–gel method [186] was also identified to exhibit higher removal potentials of heavy metals in the battery spent. Similarly, iron oxides can exhibit magnetic properties that could be modified to improve adsorption efficacies. For instance, the amination of magnetic iron oxide improved the adsorption rate and capacity [187]. Likewise, SiO2-glutathione modification boosts the removal capacity of Pb from spent batteries [188], anhydride introduction was identified to be beneficial for the chelation effect [189], and the green facile sol–gel method improves the separation efficiency using external magnets [190]. Moreover, biological modifications also confer certain prime properties to iron oxide nanoparticles, for instance, Fe3O4-bacterial cellulose nanocomposites performed stronger adsorption of the metals of used LIBs because of their functional groups, such as hydroxy and carboxyl of live/dead bacterial cells [191]. Moreover, a few other modifications have also documented the superior effect of biosynthesized nanoparticles [180,192,193]. Not only bacteria but also organic compounds such as carboxy methyl-ß-cyclodextrin [194], thiol-rich hydrogel [195], and polymer-linked [196] and enzyme-linked iron oxides [197] assist in iron oxide modifications for better catalytic and remediation efficiency. Iron oxides that are combined or converted to nanosized zero-valent iron nanoparticles (nZVI) have garnered substantial interest in the treatment of spent Li-ion batteries. The zero-valent iron (Fe0) core endows it with fascinating properties along with iron oxide shells. In general, the core defines the physico-chemical characteristics, whereas the nature of the shell contributes to the effective removal of pollutants [198]. Further, the surface can be modified using metal dopants [199], admixing with multiple components [200], adhesive support [201], emulsification [202], and magnetization [203], which help in tailoring the desirable remediation properties with respect to the pollutants. nZVI particle agglomeration can be minimized to improve the efficiency through surface coating using natural or artificial polymers, surfactants, emulsions, organic coatings, and polyelectrolytes [204].



Recently, the titanium dioxide nanoparticle (TiO2) has also been used for pollutant remediation, especially for the elimination of heavy metals from spent LIBs. Titanium beads synthesized via the alginate approach have been documented as an efficient approach for eliminating heavy metals [205]. EDTA complexing agents improved the regeneration effects of the adsorbents and, ultimately, the adsorption efficiency of the TiO2 nanoparticles [206]. The alteration of TiO2 nanoparticle surfaces may improve the adsorption properties of TiO2 nanoparticles. Further, graphene oxide-modified TiO2 nanoparticles increased their area of surface for maximum heavy metal adsorption [207]. The introduction of SiO2 on TiO2/lignin nanoparticles [208], cellulose acetate [209], poly-amido amine dendrimers [210], chitosan-zero-valent [211,212], and polypyrrole [213] have been documented to show improved adsorption properties of TiO2 nanoparticles for various pollutants of spent Li-ion batteries.



Manganese is a natural mineral with higher oxidation potentials that is widely employed for the development of MnO nanoparticles. It is noteworthy that manganese oxides exist in four forms, namely α-, β-, γ-, and λ-types [214]. Recently, manganese oxide, with its porous nature and higher catalytic performance, has been employed effectively for the removal of lead, cadmium, and copper metal from spent Li-ion batteries [215]. Its doping and surface modification confer potential effects on the removal of metals, metalloids, radionuclides, dyes, and other contaminants, even at trace levels [216]. The minerals of manganese oxide, namely ramsdellite and birnessite, have been identified to be effective in eliminating cobalt and copper metal ions of spent Li-ion waste [217]. Surface modifications via the hydrothermal approach [218], the sintering method [219], surface complexation [220], and the redox method [221] improved the remediation effects of manganese oxide nanoparticles.





6. Recovery of Spent Li-Ion Components Using Nanotechnological Approach


Li-ion batteries have dominated the market due to their widespread use in electronics, hybrid vehicles, mobile industries, aerospace, and the military, due to their high energy density, low self-discharge, ease of handling, and extended lifespan [222]. The distinctive features of Li-ion batteries have led to a significant increase in their production each year, resulting in the accumulation of large amounts of Li-ion battery waste, estimated at approximately 200–500 tons [223]. The manufacturing of Li-ion batteries requires significant minerals, including lithium, cobalt, nickel, manganese, aluminum, copper, iron, and zinc, as well as graphite, phosphate, silicate, borate, sulfate, and polymer binders [224]. These elements from battery waste pose environmental and health risks, which has attracted research focused on their re-utilization and recovery [225]. The concept of employing end-of-life (EoL) waste materials as a feedstock to synthesize new marketable functional materials, such as nanomaterials, is an emerging strategy emphasizing the circular economy [226]. Various techniques for the optimal recovery and reuse of these essential minerals exist, primarily involving pyrometallurgical, hydrometallurgical, mechanochemical, and thermal treatments [227]. The recovery of minerals from battery waste using nanotechnological methods has been introduced as an alternative to conventional approaches, addressing the limitations of traditional methods. Li-ion batteries, on average, contain 22.4% iron, 8.8% nickel, 5.7% copper, 4.3% aluminum, 4% cobalt, 2.4% manganese, and 1.4% lithium, in addition to graphite (>70%). Hence, these minerals need to be recovered with the aim of resource conservation and value addition from an environmental point of concern, as described in this section.



6.1. Iron


Iron is one of the most basic and widely employed metals across various industries, with high demand. Since a large portion of spent lithium-ion battery waste is iron, recent research works have focused on its recovery. In general, various metals including iron can be recovered via acid leaching and other thermochemical treatments. However, the latest techniques and methods focus on the extraction of modified iron materials. Various iron oxide (Fe2O3 and Fe3O4)-based nanomaterials including nanorods, nanowires, nanosheets, nanotubes, nanospheres, and nanoarrays have been synthesized from various scrap materials and undergone an assessment of their applicability as anodes in LIBs [190]. Iron hydrophosphate composites are prepared via hydrothermal treatment for the efficient removal of organic dyes, where the degradation mechanism was identified to be similar to the Fenton-like catalyst [228]. Additionally, zero-valent iron/carbon (ZVI/C) was synthesized from spent Li-ion batteries through a carbothermic reaction and reduced in size via ball milling for the removal of ibuprofen from wastewater [229]. Furthermore, mesoporous core–shell-adsorbent Mm@SiO2 was synthesized using spent Li-ion via the alkaline leaching process for operative heavy metal elimination from polluted water, where the Mm (magnetic material) was identified to be irregular in shape and range in size between 10 and 100 nm [230]. Moreover, a zero-valent iron-supported graphite composite was prepared using ferric chloride and graphite from spent Li-ion batteries through acid treatment and carbothermal reduction and was utilized for the removal of 4-chlorophenol [231]. Likewise, CoFe (cobalt ferrous) nanoparticles were synthesized from waste Li-ion and combined with sawdust-derived carbon to form a CoFe/C catalyst as a cathode for zinc–air batteries [232]. In a recent study, spent Li-ion batteries were treated with sulfuric and glutaric acids, followed by hydrogen peroxide, to release metals from the graphite electrode. The resulting leaching solution, containing Co2⁺, was wet precipitated to synthesize superparamagnetic Co-doped iron oxide nanoparticles (SPIONs). These Co-doped SPIONs efficiently removed tetracycline, pharmaceuticals, dyes, and organic compounds from wastewater [233].




6.2. Nickel


Nickel nanoparticles have broad applications, including the fabrication of a new generation of capacitors and batteries, water-splitting devices, light-emitting diodes, supercapacitors, solar cells, and microelectronics [234]. Recently, nanosized nickel- and cobalt-mixed oxides were prepared via chemical precipitation and conventional microwave heating approaches. The resultant nanomaterials were employed for higher electrical performances [235]. Similarly, Shin et al. (2018) [236] fabricated nickel nanoparticles via the initial leaching and purification of spent batteries. In this study, a Li-ion battery was reduced using hydrazine monohydrate to obtain the nickel hydrazine complex, which was later treated with sodium hydroxide to yield pure nickel nanoparticles [236]. Likewise, nickel (a catalytic precursor) was extracted from waste batteries using hydrometallurgical techniques and precipitation, where the alumina-borosilicate substrate was fabricated to form nickel oxide (NiO) nanomaterials for treating methylene blue and organic pollution [237]. In a recent study, nanosized nickel sulfide particles were prepared from spent Li-ion batteries via a hydrometallurgical process integrated with thermal treatment using xanthates [234]. Further, NiCo2O4 nanosphere anode material was also synthesized using hydrometallurgical and sol–gel techniques utilizing spent Li-ion batteries [238]. In addition, cobalt nickel (CoNi) metal–organic framework (MOF) composites (a 3D urchin-like structure with spheres with nanowires) were recently synthesized using spent batteries via the hydrothermal method and sulfidation process for the preparation of high-performance anodes [239].




6.3. Copper


Copper is a significant metal employed in almost all electronic devices. Li-ion batteries also contain significant quantities of copper, which can be recovered and reused. Nanosized copper powder has gained attention among researchers due to its catalytic properties and its use in high-value industrial products [240]. They can be employed as composite materials in various applications including the promotion of crop health [241]. Various extraction and synthesis techniques of nanosized copper from various electronics have been discussed in the literature. However, only a few works have focused on their effective extraction from spent Li-ion. In a recent study, graphene oxide–copper composites were prepared using Li-ion anode materials via calcination and adsorption, where the resultant particles were employed for the photodegradation of methylene blue dye [242]. Further, bimetallic copper and cobalt nanoparticles were synthesized from the spent Li-ion by the aqua regia-mediated primary leaching approach and sodium borohydride solution-facilitated reduction. The resultant nanoparticles were used for the efficient removal of hexavalent chromium [243]. Furthermore, copper oxide (CuO) nanoparticles from spent Li-ion were also used as the CuO anode for the fabrication of sodium ion full cells [244]. Moreover, another study documented two types of reduction systems for synthesizing nano copper using spent LIBs, including ascorbic acid and the hydrazine hydrate system [245]. Additionally, a copper–cobalt composite for catalyzing electrochemical reduction was recently synthesized using Li-ion spent batteries by depositing the copper cobalt nanoparticles on the conductive substrate [246].




6.4. Aluminum


Aluminum (Al) foils are tightly bound to the cathode binder, making it difficult to separate from spent Li-ion batteries. Thus, a combination of methods including leaching, enzymatic separation, hydrometallurgy, pyrometallurgy, precipitation, and solvent extraction may be required for their separation [247]. Recently, Al-doped LiNi1/3-xCo1/3Mn1/3AlxO2 was synthesized from spent Li-ion batteries using sol–gel and calcination methods, which was reutilized as a cathode material for enhanced conductivity [248]. Moreover, trivalent iron and aluminum from spent Li-ion batteries were successfully removed using the leaching solution of phosphate and hydroxide precipitation [249]. Another study also showed that the precipitation and phytate complexation method can be used for the preparation of Al(PO3)3 from spent batteries [250].




6.5. Cobalt


Cobalt is a unique transition metal in LIBs, constituting about 4% of the battery’s composition. The quantity of cobalt in Li-ion batteries is relatively higher than its ore content, necessitating further recovery for wider applications [224]. It has been established that cobalt-containing oxides are excellent catalysts for various processes, including electrochemical water splitting, photocatalysis, sensor technology, and water purification [251]. It is noteworthy from the literature that distinct processes have been utilized for the efficient recovery and nanotechnological material processing of cobalt from scrap batteries [252,253]. For instance, the hydrometallurgical method was used for the extraction of cobalt oxalate and the synthesis of nanosized Co3O4 anode material [109]. Further, cobalt ferrite (CoFe2O4), which is a common magnetic material, was prepared from scrap Li-ion using the sol–gel approach via sintering at 800 °C (a crystallite size ranging from 38 to 57 nm) [254]. The resultant particles were proposed to be beneficial in electronics as automotive sensors and for other sensing applications. Furthermore, the co-precipitation method was employed to prepare spinel-type cobalt ferrite from spent Li-ion batteries, which was used for methyl blue removal through the Fenton reaction [255]. Cobalt oxides, as a photocatalytic material, were also utilized as the electrode material due to their supercapacitance. For instance, magnetic electrodepositions of the Co2O3 nanostructures were prepared from spent batteries for their reutilization as electrode material [256]. Assefi, et al. (2019) [237] synthesized core–shell Co3O4 nanoshells using Li-ion scrap and alumina-borosilicate from scrap liquid crystal displays (LCDs) through hydrometallurgy and the precipitation technique, which were employed to decompose methylene blue and other organic pollutants [237]. Another study employed sol–gel methods using cobalt oxalate, which was recovered via the hydrometallurgical process from scrap Li-ion to synthesize nano-Co3O4 to be beneficial as an anode for LIBs [257]. A bimetallic nanoparticle of cobalt and copper was also synthesized from spent Li-ion batteries and applied for Cr(VI) ion extraction using a solution in the aqueous form [243]. Similarly, the leaching and precipitation approach was employed to recover the cobalt to eventually synthesize Co3O4 photocatalyst nanoparticles for the photodegradation of methyl blue dye from industrial effluents [258]. Along with mono composition, cobalt recovered along with the other materials can also be used to synthesize nanomaterials. For instance, cobalt ferrite nanoparticles (CoFe2O4 NPs) were prepared from the ore of iron considered waste and used LIBs for use in Congo red dye degradation via a sono- or photocatalytic approach [259]. It can be noted that the one-pot mechanochemical reaction of cathode material (Li-ion) yielded nanosized cobalt species [260]. Further, nanosized Co3S4 powder bearing electrical conductivity was synthesized from a Li-ion spent leach solution after selective extraction and ammonium precipitation [261]. Similarly, nanoporous carbon/cobalt (NPC@Co) composites were prepared from spent Li-ion batteries through leaching, precipitation, and nitrogen exposure for use in supercapacitor applications [262]. Additionally, subcritical water-assisted diluted formic acid processing followed by calcination and a green method was used to recover Co2O3 from spent batteries for industrial applications [263]. Another recent study also documented the preparation of nanostructured ball-milled (a mechanochemical process) Ni-Co-Mn oxides from scrap Li-ion for electrocatalytic applications [264].




6.6. Manganese


Manganese is a non-ferrous metal widely employed in various industrial applications. Low metallurgy for the extraction of manganese from its ore has led to 50% price hikes, which diverted the attention of researchers toward scrap Li-ion batteries for efficient manganese recovery [265,266]. Hydrometallurgical leaching is a widely adopted technique for mineral recovery from Li-ion scrap; however, the attention of researchers has shifted to greener methods due to environmental concerns. Recently, nano-sealed MnO2 particles were synthesized from waste batteries using a reductive leaching agent (sulfuric acid) and were utilized for the photocatalytic degradation of dyes [267]. Further, spinel MnCo2O4 was prepared from the cobalt (Co) and manganese (Mn) of a chemically leached spent Li-ion solution via precipitation, hydrothermal conditioning, and calcination. The resultant spinel particles were identified to catalyze oxygen evolution reactions [268]. Furthermore, polymetallic (Cu, Co, Ni, and Mn) nanoparticles were prepared through acid extraction and reduction methods from spent Li-ion to be beneficial in the removal of reactive blue 4 dye in wastewater [269]. Moreover, a laser ablation technique was employed in the preparation of manganese dioxide (MnO2) nanocolloids from spent battery powder and were utilized as effective antimicrobial agents, in addition to exhibiting physico-chemical and electrical properties [270]. Likewise, cadmium-containing wastewater was treated using AG@MnO2 (manganese oxide-coated amorphous graphene carbon) nanomaterials, which were prepared using ball-milling of Li-ion battery anode materials [271]. Further, Yao et al. (2021) [272] focused on vacuum-reduction, gasification-condensation technology to recover manganese. Initially, the manganese particles were subjected to decomposition and reduced by aluminum to zero-valent manganese via condensation-mediated separation for the formation of manganese nano-flakes [272]. Similarly, the hydrothermal method was adopted to prepare MnO2/Fe(0) nanocomposites to target sulfadiazine degradation following the photo-Fenton process. The study reported a 5-fold increase in efficiency after the addition of zero-valent iron to manganese oxide [273]. Moreover, an advanced oxidation technique using potassium permanganate and ozone has also been employed in preparing transition metal-doped MnO2 nanorods from spent Li-ion waste. The resultant MnO2 was identified to exhibit better catalytic performance over pure MnO2 against volatile organic compounds [260].




6.7. Lithium


Lithium is widely used in electronic industries due to its high energy density and power capacity in both gravimetric and volumetric terms [274]. The demand for lithium in the global market is growing steadily, leading to the exhaustion of natural reservoirs and, hence, the trade-off of the secondary source is an equally growing concern [275]. Recently, photocatalytic Co3O4/LiCoO2 particles were recovered from spent LIBs via the green leaching method with citric acid [276]. Further, effective iron and lithium recovery from spent LIBs using the mechanochemical approach with oxalic acid and ball milling has been reported [277]. Furthermore, composites of FeS/C/LiFePO4 from the pre-utilized powder of LiFePO4 were prepared via the ball-milling approach and FeS addition to be utilized as an anode for the battery with Ni-Fe metals [278]. Similarly, the spent LiFePO4 cathode material was regenerated by Hummer’s reduction method (for reduced graphene oxide) and Li+ compensation via the hydrothermal method to synthesize the LiFePO4/RGO composite for Li-ion battery application [279]. Another study documented the synthesis of nanosized LiNi0.6Co0.2Mn0.2O2 coated with oxides of overlithiated particles using spent Li-ion waste materials through precipitation and thermal processes [280]. Furthermore, sandwich-layered lithioporite particles were prepared from Li-ion scrap and sandwiched to generate the Li0.32Al0.68MnO2(OH)2/orange peel nanoporous carbon composite cathode material. The study documented the appropriate recycling process to fabricate high-performance energy storage devices at a lower cost [281]. Moreover, highly pure lithium hydroxide nanoparticles using the lithium sulfate of spent batteries were prepared using a two-step precipitation method [282]. Additionally, the lithium cobaltate electrocatalyst was recovered from spent Li-ion batteries and employed for the oxygen evolution reaction in water splitting [283].




6.8. Graphite


Graphite is an excellent carbon material that has been widely employed in electronics due to its flexibility, surface area, and conductivity. It is noteworthy that graphite is plentifully available in Li-ion scrap and may be recovered and recycled to overcome resource depletion and boost business sectors [284]. The carbon material from scrap batteries, after a series of thermal and acid treatments, is converted into single-walled carbon nanotubes and incorporated into Li+ coin cells [285]. The graphene nanomaterial can also be synthesized from the graphite of Li-ion using the sonication-assisted liquid phase exfoliation method [190]. Further, polymer–graphite nanocomposite thin films have been reported to be prepared using the intercalation technique [286]. Similarly, mesocarbon microbead carbon-supported magnesium hydroxide nanoparticles have been prepared for phosphate adsorbent applications using spent Li-ion scrap. In this study, graphitized carbon was initially separated from waste batteries, which was later modified with nanostructured magnesium oxide to obtain the nanomaterial [287]. In another recent study, four types of reduced graphene oxide (at room temperature and 70 °C) were prepared using spent graphite and case metals including aluminum and stainless steel, facilitated via Hummer’s method, and were identified to possess excellent supercapacitor activities [288]. Furthermore, novel closed-loop resynthesis of the nano-structured LiFePO4/graphene composites from waste Li-ion batteries was developed to re-employ them again in electrical applications [279]. Moreover, flower-shaped nano regenerative graphene oxide-NiS2 was synthesized via a two-step hydrothermal method from the carbon rods of waste batteries and identified to possess superior supercapacitance [289]. Azam et al. (2022) [290] utilized waste dry-cell batteries to recover graphene oxide-based nanomaterials, which were eventually used for the removal of lead from water [290]. Likewise, reduced graphene oxide doped with boron (RGO-Bi2WO6) nanocomposites were prepared from spent Li-ion and employed for the photocatalytic degradation of antibiotics, including tetracycline hydrochloride and ciprofloxacin [291]. Furthermore, the synthesis approach using arc plasma produced via direct current (DC) was employed for the preparation of high-value-added graphene materials, including graphene sheets, amorphous carbon nanoballs, and fluorine-doped carbon nanohorns from spent batteries [292]. Table 4 presents a summary of the various metals and minerals extracted from spent Li-ion batteries, using nanotechnological approaches.





7. Future Perspective


Nanotechnology-enhanced Li-ion battery systems hold great potential to address global energy challenges and revolutionize energy storage and utilization as the world transitions toward sustainable and renewable energy, with an increasing demand for efficient and reliable storage systems. Some promising prospects of nanotechnology-based lithium-ion batteries are their potential to improve thermal stability and enhance energy density. Researchers and developers aim to enhance user safety, extend battery life, and improve cell efficiency. However, there is still room for improvement as Li-ion battery applications shift toward the growing markets of transportation (electric vehicles), grid energy, and industrial use, moving beyond the saturated market of consumer electronics (laptops, mobile phones, and tablets) [295,296]. Despite the progress made in the thermal management of nanotechnology-based Li-ion batteries, the high cost and complexity of nanostructured materials and the need for further research on their long-term stability and safety are persisting challenges regarding these materials.



A major obstacle to the progression of Li-ion battery applications is associated with their high cost. Despite the reduction in the cost of batteries, electric vehicles require significant discoveries to achieve longer ranges and lower costs [297]. It is noteworthy that graphene, nanosized tubes, and metal oxides are highly beneficial to improving the storage of energy via enhanced high-energy lithium–air and solid-state batteries to improve the performance of electric vehicles [90]. Strategic goals, both in the short and long term, must be established to promote market penetration. Economies of scale and streamlined production can also help reduce costs, making nanotechnology-enhanced Li-ion batteries competitive with traditional energy storage and alternative fuels [298]. Future studies should focus on developing scalable, cost-effective methods for synthesizing nanostructured materials and integrating them into Li-ion batteries to enhance the ability to harness renewable energy [295,296].



Safety concerns have significantly hindered the widespread implementation of LIBs. The thermal hazards of LIBs are vastly influenced by factors such as battery materials, design, operating conditions, and battery status [295]. Thus, strategies targeted toward battery material modification, novel material development, functional additives, battery health, and charge state estimation are necessary for the improvement of battery safety to address safety concerns [295]. Moreover, the integration of safety features, such as solid electrolytes replacing conventional liquid electrolytes, nanostructured phase-change materials, and nanocomposite anode and cathode materials, as highlighted in this paper, as well as graphene-based heat sinks, could enhance the safety and energy density, minimize fire hazards, maintain optimal operating temperatures, and prevent thermal runaway [104,297]. Furthermore, future research on developing new thermal analysis techniques, such as nano-calorimetry and photothermal analysis, and combining them with existing counterparts to further enhance our understanding of nanotechnology-based Li-ion batteries and their long-term stability are highly recommended, as fast-charging capabilities are increasingly appealing among users and researchers [89,297].



The development of sustainable and eco-friendly battery materials has become essential to decrease the environmental influence of LIB assembly. It is significant for manufacturers and stakeholders to focus on efficient methods for recycling and repurposing nanotechnology-enhanced Li-ion batteries, which will be essential for reducing waste and ensuring a circular economy [298]. Further research on the use of nanotechnology for the environmental remediation of Li-ion battery waste for significant material recovery, including cobalt, lithium, and nickel, will be vital for minimizing their ecological footprint [109,298].



The progression from consumer electronics and devices to grid-scale applications is becoming a research concern as the world is transitioning toward renewable energy. There is a quest to utilize nanotechnology-enhanced Li-ion batteries to meet the needs of grid-level energy storage. Although Li-ion batteries have outperformed other types of batteries, including lead–acid and nickel–metal hydride, extensive research is necessary to enhance their energy density, reduce costs, and ensure safe operation to minimize the difficulty of storing energy in grid-level systems [298]. Moreover, the development of nanotechnology-based LIBs for grid-level systems to store energy will enable the efficient combination of intermittent sources of energy with renewability into the power grid. This integration with sources of renewable energy, which includes power from wind and solar energy, will ensure a stable and reliable energy supply for future use [296]. Hence, nanotechnology-based Li-ion battery systems could be a cost-effective, sustainable, efficient, and environmentally friendly solution to store energy in the future compared to standalone Li-ion and other batteries.




8. Conclusions


Nanotechnology-based Li-ion battery systems have emerged as an effective approach to efficient energy storage systems. Their advantages—longer lifecycle, rapid-charging capabilities, thermal stability, high energy density, and portability—make them an attractive alternative to conventional energy storage systems. This review provides an in-depth probe into nanotechnology-based Li-ion battery systems, focusing on composites from metallic and carbon nanoparticles, while highlighting their efficiency, thermal stability, and environmental impacts compared to conventional energy storage systems. Thermal analysis techniques, including standalone methods and the combination of multiple techniques, have been identified as beneficial for characterizing the efficiency of nanotechnology-based Li-ion batteries. Notably, nanoparticles are highly effective in the environmental remediation of Li-ion batteries. Additionally, recent research has explored the prospects of nanotechnology-based lithium-ion battery systems, highlighting the next challenges for their application in grid-scale energy storage. Despite challenges related to high costs, thermal stability, and overall battery performance, nanotechnology-based lithium-ion battery systems have the potential to address the current global energy challenge. Their deployment and utilization will have a significant impact on the environment and lead to a sustainable and energy-efficient future.







Author Contributions


Conceptualization, M.K.D.; writing—original draft preparation, G.A.A., M.K. and P.G.S.A.J.; writing—review and editing, M.A. and S.Y.L.; supervision, M.K.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


All the authors would like to acknowledge their respective departments for their support during the preparation of this manuscript.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Amir, M.; Deshmukh, R.G.; Khalid, H.M.; Said, Z.; Raza, A.; Muyeen, S.; Nizami, A.-S.; Elavarasan, R.M.; Saidur, R.; Sopian, K. Energy storage technologies: An integrated survey of developments, global economical/environmental effects, optimal scheduling model, and sustainable adaption policies. J. Energy Storage 2023, 72, 108694. [Google Scholar] [CrossRef]

	



Gür, T.M. Review of electrical energy storage technologies, materials and systems: Challenges and prospects for large-scale grid storage. Energy Environ. Sci. 2018, 11, 2696–2767. [Google Scholar] [CrossRef]

	



Ausfelder, F.; Beilmann, C.; Bertau, M.; Bräuninger, S.; Heinzel, A.; Hoer, R.; Koch, W.; Mahlendorf, F.; Metzelthin, A.; Peuckert, M. Energy storage as part of a secure energy supply. ChemBioEng Rev. 2017, 4, 144–210. [Google Scholar] [CrossRef]

	



Matos, C.R.; Silva, P.P.; Carneiro, J.F. Overview of compressed air energy storage projects and regulatory framework for energy storage. J. Energy Storage 2022, 55, 105862. [Google Scholar] [CrossRef]

	



Liu, W.; Placke, T.; Chau, K. Overview of batteries and battery management for electric vehicles. Energy Rep. 2022, 8, 4058–4084. [Google Scholar] [CrossRef]

	



Lennon, A.; Jiang, Y.; Hall, C.; Lau, D.; Song, N.; Burr, P.; Grey, C.P.; Griffith, K.J. High-rate lithium ion energy storage to facilitate increased penetration of photovoltaic systems in electricity grids. MRS Energy Sustain. 2019, 6, E2. [Google Scholar] [CrossRef]

	



Karduri, R.K. Next-Generation Energy Storage: Beyond Lithium-Ion Batteries. Int. J. Adv. Res. Innov. Discov. Eng. Appl. (IJARIDEA) 2018, 3, 54–65. [Google Scholar]

	



Alamgir, M. Lithium Has Transformed Vehicle Technology: How trends in Li-ion battery technology have developed for vehicle electrification. IEEE Electrif. Mag. 2017, 5, 43–52. [Google Scholar] [CrossRef]

	



Mochane, M.J.; Mokhena, T.C.; Mokhothu, T.H.; Mtibe, A.; Sadiku, E.R.; Ray, S.S. The importance of nanostructured materials for energy storage/conversion. In Handbook of Nanomaterials for Industrial Applications; Elsevier: Amsterdam, The Netherlands, 2018; pp. 768–792. [Google Scholar]

	



Zhang, Q.; Uchaker, E.; Candelaria, S.L.; Cao, G. Nanomaterials for energy conversion and storage. Chem. Soc. Rev. 2013, 42, 3127–3171. [Google Scholar] [CrossRef]

	



Wang, F.; Wu, X.; Li, C.; Zhu, Y.; Fu, L.; Wu, Y.; Liu, X. Nanostructured positive electrode materials for post-lithium ion batteries. Energy Environ. Sci. 2016, 9, 3570–3611. [Google Scholar] [CrossRef]

	



Pfrang, A.; Kriston, A.; Ruiz, V.; Lebedeva, N.; Di Persio, F. Safety of rechargeable energy storage systems with a focus on Li-ion technology. In Emerging Nanotechnologies in Rechargeable Energy Storage Systems; Elsevier: Amsterdam, The Netherlands, 2017; pp. 253–290. [Google Scholar]

	



Kumar, R.; Mitra, A.; Srinivas, T. Role of nano-additives in the thermal management of lithium-ion batteries: A review. J. Energy Storage 2022, 48, 104059. [Google Scholar] [CrossRef]

	



Ponnada, S.; Kiai, M.S.; Krishnapriya, R.; Singhal, R.; Sharma, R.K. Lithium-free batteries: Needs and challenges. Energy Fuels 2022, 36, 6013–6026. [Google Scholar] [CrossRef]

	



Mitali, J.; Dhinakaran, S.; Mohamad, A. Energy storage systems: A review. Energy Storage Sav. 2022, 1, 166–216. [Google Scholar] [CrossRef]

	



Bussar, C.; Stöcker, P.; Cai, Z.; Moraes, L., Jr.; Magnor, D.; Wiernes, P.; van Bracht, N.; Moser, A.; Sauer, D.U. Large-scale integration of renewable energies and impact on storage demand in a European renewable power system of 2050—Sensitivity study. J. Energy Storage 2016, 6, 1–10. [Google Scholar] [CrossRef]

	



Poblete, I.B.S.; de Queiroz, F.A.O.; de Medeiros, J.L. Dynamic analysis of sustainable biogas-combined-cycle plant: Time-varying demand and bioenergy with carbon capture and storage. Renew. Sustain. Energy Rev. 2020, 131, 109997. [Google Scholar] [CrossRef]

	



Olabi, A.; Wilberforce, T.; Ramadan, M.; Abdelkareem, M.A.; Alami, A.H. Compressed air energy storage systems: Components and operating parameters–A review. J. Energy Storage 2021, 34, 102000. [Google Scholar] [CrossRef]

	



Zhou, Q.; Du, D.; Lu, C.; He, Q.; Liu, W. A review of thermal energy storage in compressed air energy storage system. Energy 2019, 188, 115993. [Google Scholar] [CrossRef]

	



Pan, S.-Y.; Du, M.A.; Huang, I.-T.; Liu, I.-H.; Chang, E.; Chiang, P.-C. Strategies on implementation of waste-to-energy (WTE) supply chain for circular economy system: A review. J. Clean. Prod. 2015, 108, 409–421. [Google Scholar] [CrossRef]

	



Budt, M.; Wolf, D.; Span, R.; Yan, J. A review on compressed air energy storage: Basic principles, past milestones and recent developments. Appl. Energy 2016, 170, 250–268. [Google Scholar] [CrossRef]

	



Šćekić, L.; Mujović, S.; Radulović, V. Pumped hydroelectric energy storage as a facilitator of renewable energy in liberalized electricity market. Energies 2020, 13, 6076. [Google Scholar] [CrossRef]

	



Rehman, S.; Al-Hadhrami, L.M.; Alam, M.M. Pumped hydro energy storage system: A technological review. Renew. Sustain. Energy Rev. 2015, 44, 586–598. [Google Scholar] [CrossRef]

	



Ameen, M.T.; Ma, Z.; Smallbone, A.; Norman, R.; Roskilly, A.P. Demonstration system of pumped heat energy storage (PHES) and its round-trip efficiency. Appl. Energy 2023, 333, 120580. [Google Scholar] [CrossRef]

	



Blakers, A.; Stocks, M.; Lu, B.; Cheng, C. A review of pumped hydro energy storage. Prog. Energy 2021, 3, 022003. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhou, C.-G.; Yang, J.; Xue, S.-C.; Gao, H.-L.; Yan, X.-H.; Huo, Q.-Y.; Wang, S.-W.; Cao, Y.; Yan, J. Advances and challenges in improvement of the electrochemical performance for lead-acid batteries: A comprehensive review. J. Power Sources 2022, 520, 230800. [Google Scholar] [CrossRef]

	



Lach, J.; Wróbel, K.; Wróbel, J.; Podsadni, P.; Czerwiński, A. Applications of carbon in lead-acid batteries: A review. J. Solid State Electrochem. 2019, 23, 693–705. [Google Scholar] [CrossRef]

	



Ajibade, H.; Ujah, C.O.; Nnakwo, K.C.; Kallon, D.V. Improvement in battery technologies as panacea for renewable energy crisis. Discov. Appl. Sci. 2024, 6, 374. [Google Scholar] [CrossRef]

	



Islam, M.; Khalekuzzaman, M.; Kabir, S.; Rana, M. A Study on Recycling Used Lead-Acid Batteries (ULABs) in Bangladesh. in Researchgate. In Proceedings of the WasteSafe 2021–7th International Conference on Integrated Solid Waste & Faecal Sludge Management in South-Asian Countries, Khulna, Bangladesh, 27–28 February 2021. [Google Scholar]

	



Yu, Q.; Tang, W.; Hu, Y.; Gao, J.; Wang, M.; Liu, S.; Lai, H.; Xu, L.; Fan, C. Novel low-cost, high-energy-density (>700 Wh kg−1) Li-rich organic cathodes for Li-ion batteries. Chem. Eng. J. 2021, 415, 128509. [Google Scholar] [CrossRef]

	



Vangapally, N.; Penki, T.R.; Elias, Y.; Muduli, S.; Maddukuri, S.; Luski, S.; Aurbach, D.; Martha, S.K. Lead-acid batteries and lead–carbon hybrid systems: A review. J. Power Sources 2023, 579, 233312. [Google Scholar] [CrossRef]

	



May, G.J.; Davidson, A.; Monahov, B. Lead batteries for utility energy storage: A review. J. Energy Storage 2018, 15, 145–157. [Google Scholar] [CrossRef]

	



Schismenos, S.; Chalaris, M.; Stevens, G. Battery hazards and safety: A scoping review for lead acid and silver-zinc batteries. Saf. Sci. 2021, 140, 105290. [Google Scholar] [CrossRef]

	



Xu, J.; Cai, X.; Cai, S.; Shao, Y.; Hu, C.; Lu, S.; Ding, S. High-energy lithium-ion batteries: Recent progress and a promising future in applications. Energy Environ. Mater. 2023, 6, e12450. [Google Scholar] [CrossRef]

	



Selinis, P.; Farmakis, F. A review on the anode and cathode materials for lithium-ion batteries with improved subzero temperature performance. J. Electrochem. Soc. 2022, 169, 010526. [Google Scholar] [CrossRef]

	



Chen, H.; Wang, W.; Yang, L.; Dong, L.; Wang, D.; Xu, X.; Wang, D.; Huang, J.; Lv, M.; Wang, H. A review of cobalt-containing nanomaterials, carbon nanomaterials and their composites in preparation methods and application. Nanomaterials 2022, 12, 2042. [Google Scholar] [CrossRef] [PubMed]

	



Rai, A.K.; Anh, L.T.; Park, C.-J.; Kim, J. Electrochemical study of NiO nanoparticles electrode for application in rechargeable lithium-ion batteries. Ceram. Int. 2013, 39, 6611–6618. [Google Scholar]

	



Mahmud, S.; Rahman, M.; Kamruzzaman, M.; Ali, M.O.; Emon, M.S.A.; Khatun, H.; Ali, M.R. Recent advances in lithium-ion battery materials for improved electrochemical performance: A review. Results Eng. 2022, 15, 100472. [Google Scholar] [CrossRef]

	



Guan, D.; Li, J.; Gao, X.; Yuan, C. A comparative study of enhanced electrochemical stability of tin–nickel alloy anode for high-performance lithium ion battery. J. Alloys Compd. 2014, 617, 464–471. [Google Scholar] [CrossRef]

	



Liu, C.; Gong, W.; Iftikhar, T.; Liu, W.; Su, L.; Zhang, X. Iron-based metal-organic frameworks and their derivatives for high-performance supercapacitors. Next Mater. 2025, 7, 100362. [Google Scholar] [CrossRef]

	



Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18, 252–264. [Google Scholar] [CrossRef]

	



Wang, H.; Tan, H.; Luo, X.; Wang, H.; Ma, T.; Lv, M.; Song, X.; Jin, S.; Chang, X.; Li, X. The progress on aluminum-based anode materials for lithium-ion batteries. J. Mater. Chem. A 2020, 8, 25649–25662. [Google Scholar] [CrossRef]

	



Chang, X.; Xie, Z.; Liu, Z.; Zheng, X.; Zheng, J.; Li, X. Aluminum: An underappreciated anode material for lithium-ion batteries. Energy Storage Mater. 2020, 25, 93–99. [Google Scholar] [CrossRef]

	



Kuksenko, S. Aluminum foil as anode material of lithium-ion batteries: Effect of electrolyte compositions on cycling parameters. Russ. J. Electrochem. 2013, 49, 67–75. [Google Scholar] [CrossRef]

	



Li, Y.; Tan, Z.; Liu, Y.; Lei, C.; He, P.; Li, J.; He, Z.; Cheng, Y.; Wu, F.; Li, Y. Past, present and future of high-nickel materials. Nano Energy 2023, 119, 109070. [Google Scholar] [CrossRef]

	



Itani, K.; De Bernardinis, A. Review on new-generation batteries technologies: Trends and future directions. Energies 2023, 16, 7530. [Google Scholar] [CrossRef]

	



Zeng, X.; Li, M.; El-Hady, D.A.; Alshitari, W.; Al-Bogami, A.S.; Lu, J.; Amine, K. Commercialization of lithium battery technologies for electric vehicles. Adv. Energy Mater. 2019, 9, 1900161. [Google Scholar] [CrossRef]

	



Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A review of synthesis methods, properties, recent progress, and challenges. Mater. Adv. 2021, 2, 1821–1871. [Google Scholar] [CrossRef]

	



Rish, S.K.; Tahmasebi, A.; Wang, R.; Dou, J.; Yu, J. Novel composite nano-materials with 3D multilayer-graphene structures from biomass-based activated-carbon for ultrahigh Li-ion battery performance. Electrochim. Acta 2021, 390, 138839. [Google Scholar] [CrossRef]

	



Li, R.; Li, J.; Qi, K.; Ge, X.; Zhang, Q.; Zhang, B. One-step synthesis of 3D sulfur/nitrogen dual-doped graphene supported nano silicon as anode for Li-ion batteries. Appl. Surf. Sci. 2018, 433, 367–373. [Google Scholar] [CrossRef]

	



Li, W.; Li, M.; Adair, K.R.; Sun, X.; Yu, Y. Carbon nanofiber-based nanostructures for lithium-ion and sodium-ion batteries. J. Mater. Chem. A 2017, 5, 13882–13906. [Google Scholar] [CrossRef]

	



Li, C.; Yin, X.; Chen, L.; Li, Q.; Wang, T. Porous carbon nanofibers derived from conducting polymer: Synthesis and application in lithium-ion batteries with high-rate capability. J. Phys. Chem. C 2009, 113, 13438–13442. [Google Scholar] [CrossRef]

	



Rahman, M.M.; Ara, M.G.; Alim, M.A.; Uddin, M.S.; Najda, A.; Albadrani, G.M.; Sayed, A.A.; Mousa, S.A.; Abdel-Daim, M.M. Mesoporous carbon: A versatile material for scientific applications. Int. J. Mol. Sci. 2021, 22, 4498. [Google Scholar] [CrossRef]

	



Salim, N.V.; Mateti, S.; Cizek, P.; Hameed, N.; Parameswaranpillai, J.; Fox, B. Large, mesoporous carbon nanoparticles with tunable architectures for energy storage. ACS Appl. Nano Mater. 2019, 2, 1727–1736. [Google Scholar] [CrossRef]

	



Zhang, J.; Yu, A. Nanostructured transition metal oxides as advanced anodes for lithium-ion batteries. Sci. Bull. 2015, 60, 823–838. [Google Scholar] [CrossRef]

	



Yi, T.-F.; Sari, H.M.K.; Li, X.; Wang, F.; Zhu, Y.-R.; Hu, J.; Zhang, J.; Li, X. A review of niobium oxides based nanocomposites for lithium-ion batteries, sodium-ion batteries and supercapacitors. Nano Energy 2021, 85, 105955. [Google Scholar] [CrossRef]

	



Xu, X.; Liu, W.; Kim, Y.; Cho, J. Nanostructured transition metal sulfides for lithium ion batteries: Progress and challenges. Nano Today 2014, 9, 604–630. [Google Scholar] [CrossRef]

	



Zhao, J.; Zhang, Y.; Wang, Y.; Li, H.; Peng, Y. The application of nanostructured transition metal sulfides as anodes for lithium ion batteries. J. Energy Chem. 2018, 27, 1536–1554. [Google Scholar] [CrossRef]

	



Li, J.; Cai, Y.; Wu, H.; Yu, Z.; Yan, X.; Zhang, Q.; Gao, T.Z.; Liu, K.; Jia, X.; Bao, Z. Polymers in lithium-ion and lithium metal batteries. Adv. Energy Mater. 2021, 11, 2003239. [Google Scholar] [CrossRef]

	



Zhu, G.; Chao, D.; Xu, W.; Wu, M.; Zhang, H. Microscale silicon-based anodes: Fundamental understanding and industrial prospects for practical high-energy lithium-ion batteries. ACS Nano 2021, 15, 15567–15593. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, M.H.; Chowdhury, M.A.; Hossain, N.; Islam, M.A.; Mobarak, M.H. Advances of lithium-ion batteries anode materials—A review. Chem. Eng. J. Adv. 2023, 16, 100569. [Google Scholar] [CrossRef]

	



Wang, R.; Sun, S.; Xu, C.; Cai, J.; Gou, H.; Zhang, X.; Wang, G. Interface Engineering and Structure Design of Alloying Type Metal Foil Anode for Lithium Ion Batteries: A Review. Mater. Horiz. 2023, 11, 903–922. [Google Scholar] [CrossRef]

	



Shang, R.; Kurban, M.; Ozkan, M.; Ozkan, C.S. Rational design of SnO2 thin film coated cathode with function of entrapping polysulfides for performance enhanced Li–S batteries. J. Power Sources 2024, 597, 234144. [Google Scholar] [CrossRef]

	



Gu, D.; Yuan, Y.; Peng, X.; Li, D.; Wu, L.; Huang, G.; Wang, J.; Pan, F. Realizing high-stability anode for rechargeable magnesium battery via in-situ-formed nanoporous Bi and nanosized Sn. J. Mater. Chem. A 2024, 12, 26890–26901. [Google Scholar] [CrossRef]

	



Peerawattuk, I.; Bobicki, E. Lithium extraction and utilization: A historical perspective. In Extraction 2018: Proceedings of the First Global Conference on Extractive Metallurgy; Davis, B.R., Moats, M.S., Wang, S., Eds.; Springer: Cham, Switzerland, 2018; pp. 2209–2224. [Google Scholar]

	



Rybakowski, J.K. Mood stabilizers: Lithium. In NeuroPsychopharmacotherapy; Riederer, P., Laux, G., Nagatsu, T., Le, W., Riederer, C., Eds.; Springer: Cham, Switzerland, 2022; pp. 1493–1521. [Google Scholar]

	



Mrozik, W.; Rajaeifar, M.A.; Heidrich, O.; Christensen, P. Environmental impacts, pollution sources and pathways of spent lithium-ion batteries. Energy Environ. Sci. 2021, 14, 6099–6121. [Google Scholar] [CrossRef]

	



Kumar, R.R.; Alok, K. Adoption of electric vehicle: A literature review and prospects for sustainability. J. Clean. Prod. 2020, 253, 119911. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, Z.; Luo, L.; Fan, Y.; Du, Z. A review on thermal management of lithium-ion batteries for electric vehicles. Energy 2022, 238, 121652. [Google Scholar] [CrossRef]

	



Wakihara, M. Recent developments in lithium ion batteries. Mater. Sci. Eng. R Rep. 2001, 33, 109–134. [Google Scholar] [CrossRef]

	



Li, M.; Lu, J.; Chen, Z.; Amine, K. 30 years of lithium-ion batteries. Adv. Mater. 2018, 30, 1800561. [Google Scholar] [CrossRef] [PubMed]

	



Zubi, G.; Dufo-López, R.; Carvalho, M.; Pasaoglu, G. The lithium-ion battery: State of the art and future perspectives. Renew. Sustain. Energy Rev. 2018, 89, 292–308. [Google Scholar] [CrossRef]

	



Saw, L.; Ye, Y.; Tay, A. Electrochemical–thermal analysis of 18650 Lithium Iron Phosphate cell. Energy Convers. Manag. 2013, 75, 162–174. [Google Scholar] [CrossRef]

	



Spada, D. The Key Role of High-Performance Anode Materials in Li-and Na-Ion Batteries. Available online: https://iris.unipv.it/bitstream/11571/1450824/2/Tesi%20dottorato%20-%20corretta.pdf (accessed on 21 October 2024).

	



Koçer, C.P.; Griffith, K.J.; Grey, C.P.; Morris, A.J. Cation disorder and lithium insertion mechanism of Wadsley–Roth crystallographic shear phases from first principles. J. Am. Chem. Soc. 2019, 141, 15121–15134. [Google Scholar] [CrossRef]

	



Zhang, Q.-K.; Zhang, X.-Q.; Yuan, H.; Huang, J.-Q. Thermally stable and nonflammable electrolytes for lithium metal batteries: Progress and perspectives. Small Sci. 2021, 1, 2100058. [Google Scholar] [CrossRef]

	



Mohamed, N.; Allam, N.K. Recent advances in the design of cathode materials for Li-ion batteries. Rsc Adv. 2020, 10, 21662–21685. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Q.; Zhong, Y.; Pan, L.; Zhang, H.; Yang, Y.; Liu, D.; Teng, F.; Bando, Y.; Yao, J.; Wang, X. Recent advances in designing high-capacity anode nanomaterials for Li-ion batteries and their atomic-scale storage mechanism studies. Adv. Sci. 2018, 5, 1700902. [Google Scholar] [CrossRef] [PubMed]

	



Martins, J.; Brito, F. Alternative fuels for internal combustion engines. Energies 2020, 13, 4086. [Google Scholar] [CrossRef]

	



Lecocq, A.; Bertana, M.; Truchot, B.; Marlair, G. Comparison of the fire consequences of an electric vehicle and an internal combustion engine vehicle. In 2. International Conference on Fires in Vehicles-FIVE 2012; SP Technical Research Institute of Sweden: Boras, Sweden, 2012; pp. 183–194. [Google Scholar]

	



Madani, S.S.; Ziebert, C.; Marzband, M. Thermal behavior modeling of lithium-ion batteries: A comprehensive review. Symmetry 2023, 15, 1597. [Google Scholar] [CrossRef]

	



Jiang, K.; Liao, G.; Jiaqiang, E.; Zhang, F.; Chen, J.; Leng, E. Thermal management technology of power lithium-ion batteries based on the phase transition of materials: A review. J. Energy Storage 2020, 32, 101816. [Google Scholar] [CrossRef]

	



Al-Rashed, A.A. Thermal management of lithium-ion batteries with simultaneous use of hybrid nanofluid and nano-enhanced phase change material: A numerical study. J. Energy Storage 2022, 46, 103730. [Google Scholar] [CrossRef]

	



Knoop, J.E.; Ahn, S. Recent advances in nanomaterials for high-performance Li–S batteries. J. Energy Chem. 2020, 47, 86–106. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, H.; He, P.; Hosono, E.; Zhou, H. Nano active materials for lithium-ion batteries. Nanoscale 2010, 2, 1294–1305. [Google Scholar] [CrossRef] [PubMed]

	



Holzapfel, M.; Buqa, H.; Hardwick, L.J.; Hahn, M.; Würsig, A.; Scheifele, W.; Novák, P.; Kötz, R.; Veit, C.; Petrat, F.-M. Nano silicon for lithium-ion batteries. Electrochim. Acta 2006, 52, 973–978. [Google Scholar] [CrossRef]

	



Wu, S.; Ge, R.; Lu, M.; Xu, R.; Zhang, Z. Graphene-based nano-materials for lithium–sulfur battery and sodium-ion battery. Nano Energy 2015, 15, 379–405. [Google Scholar] [CrossRef]

	



Hekmat, S.; Bamdezh, M.; Molaeimanesh, G. Hybrid thermal management for achieving extremely uniform temperature distribution in a lithium battery module with phase change material and liquid cooling channels. J. Energy Storage 2022, 50, 104272. [Google Scholar] [CrossRef]

	



Zhu, Q.; Ong, P.J.; Goh, S.H.A.; Yeo, R.J.; Wang, S.; Liu, Z.; Loh, X.J. Recent advances in graphene-based phase change composites for thermal energy storage and management. Nano Mater. Sci. 2023, 6, 115–138. [Google Scholar] [CrossRef]

	



Kumar, P.; Channi, H.K.; Babbar, A.; Kumar, R.; Bhutto, J.K.; Khan, T.Y.; Bhowmik, A.; Razak, A.; Wodajo, A.W. A systematic review of nanotechnology for electric vehicles battery. Int. J. Low-Carbon Technol. 2024, 19, 747–765. [Google Scholar] [CrossRef]

	



Abdelrazik, A.; Saidur, R.; Al-Sulaiman, F. Thermal regulation and performance assessment of a hybrid photovoltaic/thermal system using different combinations of nano-enhanced phase change materials. Sol. Energy Mater. Sol. Cells 2020, 215, 110645. [Google Scholar] [CrossRef]

	



Joseph, M.; Sajith, V. Graphene enhanced paraffin nanocomposite based hybrid cooling system for thermal management of electronics. Appl. Therm. Eng. 2019, 163, 114342. [Google Scholar] [CrossRef]

	



Chen, S.; Wan, C.; Wang, Y. Thermal analysis of lithium-ion batteries. J. Power Sources 2005, 140, 111–124. [Google Scholar] [CrossRef]

	



Gharanjig, H.; Gharanjig, K.; Hosseinnezhad, M.; Jafari, S.M. Differential scanning calorimetry (DSC) of nanoencapsulated food ingredients. In Characterization of Nanoencapsulated Food Ingredients; Elsevier: Amsterdam, The Netherlands, 2020; pp. 295–346. [Google Scholar]

	



Wunderlich, B. Thermal Analysis of Polymeric Materials; Springer Science & Business Media: Berlin, Germany, 2005. [Google Scholar]

	



Cheremisinoff, N.P. Polymer Characterization: Laboratory Techniques and Analysis; William Andrew: Norwich, NY, USA, 1996. [Google Scholar]

	



Gedde, U. Thermal analysis of polymers. Drug Dev. Ind. Pharm. 1990, 16, 2465–2486. [Google Scholar] [CrossRef]

	



Pirsaheb, M.; Seifi, H.; Gholami, T.; Ganduh, S.H.; Jasim, L.S.; Mahdi, M.A.; Salavati-Niasari, M. Thermal analysis techniques for evaluating the thermal stability of battery materials: A comprehensive review. J. Anal. Appl. Pyrolysis 2023, 174, 106136. [Google Scholar] [CrossRef]

	



Yi, J.; Wang, C.; Xia, Y. Comparison of thermal stability between micro-and nano-sized materials for lithium-ion batteries. Electrochem. Commun. 2013, 33, 115–118. [Google Scholar] [CrossRef]

	



Xu, C.; Xue, L.; Zhang, W.; Fan, X.; Yan, Y.; Li, Q.; Huang, Y.; Zhang, W. Hydrothermal synthesis of Li4Ti5O12/TiO2 nano-composite as high performance anode material for Li-ion batteries. Electrochim. Acta 2014, 147, 506–512. [Google Scholar] [CrossRef]

	



Nakajima, K.; Souza, F.L.; Freitas, A.L.; Thron, A.; Castro, R.H. Improving thermodynamic stability of nano-LiMn2O4 for Li-ion battery cathode. Chem. Mater. 2021, 33, 3915–3925. [Google Scholar] [CrossRef]

	



Rahman, U.U.; Sahar, A.; Ishaq, A.; Khalil, A.A. Design of nanoparticles for future beverage industry. In Nanoengineering in the Beverage Industry; Elsevier: Amsterdam, The Netherlands, 2020; pp. 105–136. [Google Scholar]

	



Chen, C.; Hwang, B.; Do, J.; Weng, J.; Venkateswarlu, M.; Cheng, M.; Santhanam, R.; Ragavendran, K.; Lee, J.; Chen, J. An understanding of anomalous capacity of nano-sized CoO anode materials for advanced Li-ion battery. Electrochem. Commun. 2010, 12, 496–498. [Google Scholar] [CrossRef]

	



Day, R.; Xia, J.; Petibon, R.; Rucska, J.; Wang, H.; Wright, A.; Dahn, J. Differential thermal analysis of Li-ion cells as an effective probe of liquid electrolyte evolution during aging. J. Electrochem. Soc. 2015, 162, A2577. [Google Scholar] [CrossRef]

	



Bauer, M.K.; Dahn, J. Using lithium-ion differential thermal analysis to probe tortuosity of negative electrodes in lithium-ion cells. J. Electrochem. Soc. 2021, 168, 020501. [Google Scholar] [CrossRef]

	



Premila, R.; Subbu, C.; Rajendran, S. Experimental investigation of nano filler TiO2 doped composite polymerelectrolytes for lithium ion batteries. Appl. Surf. Sci. 2018, 449, 426–434. [Google Scholar] [CrossRef]

	



Sivaraj, P.; Nalini, B.; Abhilash, K.; Lakshmi, D.; Selvin, P.C.; Balraju, P. Study on the influences of calcination temperature on structure and its electrochemical performance of Li2FeSiO4/C nano cathode for lithium ion batteries. J. Alloys Compd. 2018, 740, 1116–1124. [Google Scholar] [CrossRef]

	



Mylarappa, M.; Lakshmi, V.V.; Mahesh, K.V.; Raghavendra, N.; Nagaswarupa, H. Cyclic voltammetry, impedance and thermal properties of CoFe2O4 obtained from waste Li-Ion batteries. Mater. Today Proc. 2018, 5, 22425–22432. [Google Scholar] [CrossRef]

	



Hu, C.; Guo, J.; Wen, J.; Peng, Y. Preparation and electrochemical performance of nano-Co3O4 anode materials from spent Li-ion batteries for lithium-ion batteries. J. Mater. Sci. Technol. 2013, 29, 215–220. [Google Scholar] [CrossRef]

	



Wang, D.; Ding, N.; Song, X.; Chen, C. A simple gel route to synthesize nano-Li4Ti5O12 as a high-performance anode material for Li-ion batteries. J. Mater. Sci. 2009, 44, 198–203. [Google Scholar] [CrossRef]

	



Mortazavi, B.; Yang, H.; Mohebbi, F.; Cuniberti, G.; Rabczuk, T. Graphene or h-BN paraffin composite structures for the thermal management of Li-ion batteries: A multiscale investigation. Appl. Energy 2017, 202, 323–334. [Google Scholar] [CrossRef]

	



Giammichele, L.; D’Alessandro, V.; Falone, M.; Ricci, R. Thermal behaviour assessment and electrical characterisation of a cylindrical Lithium-ion battery using infrared thermography. Appl. Therm. Eng. 2022, 205, 117974. [Google Scholar] [CrossRef]

	



Chacón, X.C.A.; Laureti, S.; Ricci, M.; Cappuccino, G. A Review of Non-Destructive Techniques for Lithium-Ion Battery Performance Analysis. World Electr. Veh. J. 2023, 14, 305. [Google Scholar] [CrossRef]

	



Goutam, S.; Timmermans, J.-M.; Omar, N.; Van den Bossche, P.; Van Mierlo, J. Comparative study of surface temperature behavior of commercial li-ion pouch cells of different chemistries and capacities by infrared thermography. Energies 2015, 8, 8175–8192. [Google Scholar] [CrossRef]

	



Ni, S.; Lama, S.; Lee, Y.-J.; Kim, J.-H. Early Detection of Secondary Battery Degradation by Infrared Technology: An Experimental Study. Arab. J. Sci. Eng. 2024, 1–14. [Google Scholar] [CrossRef]

	



Wang, Y.; Tang, Y.; Zhong, B.; Liu, H.; Zhong, Y.; Guo, X. Facile synthesis of Li3V2(PO4)3/C nano-flakes with high-rate performance as cathode material for Li-ion battery. J. Solid State Electrochem. 2014, 18, 215–221. [Google Scholar] [CrossRef]

	



Jagadeesan, A.; Sasikumar, M.; Krishna, R.H.; Raja, N.; Gopalakrishna, D.; Vijayashree, S.; Sivakumar, P. High electrochemical performance of nano TiO2 ceramic filler incorporated PVC-PEMA composite gel polymer electrolyte for Li-ion battery applications. Mater. Res. Express 2019, 6, 105524. [Google Scholar] [CrossRef]

	



Mohan, E.H.; Siddhartha, V.; Gopalan, R.; Rao, T.N.; Rangappa, D. Urea and sucrose assisted combustion synthesis of LiFePO4/C nano-powder for lithium-ion battery cathode application. AIMS Mater. Sci. 2014, 1, 191–201. [Google Scholar] [CrossRef]

	



Haik, O.; Martha, S.K.; Sclar, H.; Samuk-Fromovich, Z.; Zinigrad, E.; Markovsky, B.; Kovacheva, D.; Saliyski, N.; Aurbach, D. Characterizations of self-combustion reactions (SCR) for the production of nanomaterials used as advanced cathodes in Li-ion batteries. Thermochim. Acta 2009, 493, 96–104. [Google Scholar] [CrossRef]

	



Dobó, Z.; Dinh, T.; Kulcsár, T. A review on recycling of spent lithium-ion batteries. Energy Rep. 2023, 9, 6362–6395. [Google Scholar] [CrossRef]

	



Kim, E.; Xu, H.; Lim, J.; Kang, J.; Gim, J.; Mathew, V.; Kim, J. Impact of glucose on the electrochemical performance of nano-LiCoPO 4 cathode for Li-ion batteries. J. Solid State Electrochem. 2012, 16, 149–155. [Google Scholar] [CrossRef]

	



Bhuvaneswari, M.; Bramnik, N.; Ensling, D.; Ehrenberg, H.; Jaegermann, W. Synthesis and characterization of Carbon Nano Fiber/LiFePO4 composites for Li-ion batteries. J. Power Sources 2008, 180, 553–560. [Google Scholar] [CrossRef]

	



Tummala, R.; Guduru, R.K.; Mohanty, P.S. Binder free, porous and nanostructured Co3O4 anode for Li-ion batteries from solution precursor plasma deposition. J. Power Sources 2012, 199, 270–277. [Google Scholar] [CrossRef]

	



Dhaybi, S.; Marsan, B.; Hammami, A. A novel low-cost and simple colloidal route for preparing high-performance carbon-coated LiFePO4 for lithium batteries. J. Energy Storage 2018, 18, 259–265. [Google Scholar] [CrossRef]

	



Razzak, S.A.; Faruque, M.O.; Alsheikh, Z.; Alsheikhmohamad, L.; Alkuroud, D.; Alfayez, A.; Hossain, S.M.Z.; Hossain, M.M. A comprehensive review on conventional and biological-driven heavy metals removal from industrial wastewater. Environ. Adv. 2022, 7, 100168. [Google Scholar] [CrossRef]

	



Ganie, A.S.; Bano, S.; Khan, N.; Sultana, S.; Rehman, Z.; Rahman, M.M.; Sabir, S.; Coulon, F.; Khan, M.Z. Nanoremediation technologies for sustainable remediation of contaminated environments: Recent advances and challenges. Chemosphere 2021, 275, 130065. [Google Scholar] [CrossRef]

	



Narwal, N.; Katyal, D.; Kataria, N.; Rose, P.K.; Warkar, S.G.; Pugazhendhi, A.; Ghotekar, S.; Khoo, K.S. Emerging micropollutants in aquatic ecosystems and nanotechnology-based removal alternatives: A review. Chemosphere 2023, 341, 139945. [Google Scholar] [CrossRef]

	



Afreen, S.; Omar, R.A.; Talreja, N.; Chauhan, D.; Ashfaq, M. Carbon-based nanostructured materials for energy and environmental remediation applications. In Approaches in Bioremediation: The New Era of Environmental Microbiology and Nanobiotechnology; Springer: Berlin/Heidelberg, Germany, 2018; pp. 369–392. [Google Scholar]

	



Siqueira, J.R.; Oliveira, O.N.; Nanomaterials, C.-B. 9-Carbon-Based Nanomaterials. In Nanostructures; William Andrew Publishing: Norwich, NY, USA, 2017; pp. 233–249. [Google Scholar]

	



Jha, M.K.; Joshi, S.; Sharma, R.K.; Kim, A.A.; Pant, B.; Park, M.; Pant, H.R. Surface modified activated carbons: Sustainable bio-based materials for environmental remediation. Nanomaterials 2021, 11, 3140. [Google Scholar] [CrossRef]

	



Yadav, B.; Kumar, R. Structure, properties and applications of fullerenes. Int. J. Nanotechnol. Appl. 2008, 2, 15–24. [Google Scholar]

	



Hoang, A.T.; Nižetić, S.; Cheng, C.K.; Luque, R.; Thomas, S.; Banh, T.L.; Nguyen, X.P. Heavy metal removal by biomass-derived carbon nanotubes as a greener environmental remediation: A comprehensive review. Chemosphere 2022, 287, 131959. [Google Scholar] [CrossRef]

	



Tang, Y.; Zhang, S.; Su, Y.; Wu, D.; Zhao, Y.; Xie, B. Removal of microplastics from aqueous solutions by magnetic carbon nanotubes. Chem. Eng. J. 2021, 406, 126804. [Google Scholar] [CrossRef]

	



Zhou, G.; Huang, X.; Xu, H.; Wang, Q.; Wang, M.; Wang, Y.; Li, Q.; Zhang, Y.; Ye, Q.; Zhang, J. Removal of polystyrene nanoplastics from water by CuNi carbon material: The role of adsorption. Sci. Total Environ. 2022, 820, 153190. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.M.; Wong, C.P.P.; Tan, T.L.; Lai, C.W. Functionalized carbon nanotubes for adsorptive removal of water pollutants. Mater. Sci. Eng. B 2018, 236, 61–69. [Google Scholar] [CrossRef]

	



Liang, J.; Liu, J.; Yuan, X.; Dong, H.; Zeng, G.; Wu, H.; Wang, H.; Liu, J.; Hua, S.; Zhang, S. Facile synthesis of alumina-decorated multi-walled carbon nanotubes for simultaneous adsorption of cadmium ion and trichloroethylene. Chem. Eng. J. 2015, 273, 101–110. [Google Scholar] [CrossRef]

	



Liu, K.; Zhao, D.; Hu, Z.; Xiao, Y.; He, C.; Jiang, F.; Zhao, N.; Zhao, C.; Zhang, W.; Qiu, R. The adsorption and reduction of anionic Cr (VI) in groundwater by novel iron carbide loaded on N-doped carbon nanotubes: Effects of Fe-confinement. Chem. Eng. J. 2023, 452, 139357. [Google Scholar] [CrossRef]

	



Stafiej, A.; Pyrzynska, K. Adsorption of heavy metal ions with carbon nanotubes. Sep. Purif. Technol. 2007, 58, 49–52. [Google Scholar] [CrossRef]

	



Rizwan, M.S.; Imtiaz, M.; Huang, G.; Chhajro, M.A.; Liu, Y.; Fu, Q.; Zhu, J.; Ashraf, M.; Zafar, M.; Bashir, S. Immobilization of Pb and Cu in polluted soil by superphosphate, multi-walled carbon nanotube, rice straw and its derived biochar. Environ. Sci. Pollut. Res. 2016, 23, 15532–15543. [Google Scholar] [CrossRef]

	



Hua, S.; Gong, J.-L.; Zeng, G.-M.; Yao, F.-B.; Guo, M.; Ou, X.-M. Remediation of organochlorine pesticides contaminated lake sediment using activated carbon and carbon nanotubes. Chemosphere 2017, 177, 65–76. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Chen, C.; Hu, W.; Ding, A.; Xu, D.; Zhou, X. Sorption of 243Am (III) to multiwall carbon nanotubes. Environ. Sci. Technol. 2005, 39, 2856–2860. [Google Scholar] [CrossRef]

	



Gupta, A.; Vidyarthi, S.; Sankararamakrishnan, N. Enhanced sorption of mercury from compact fluorescent bulbs and contaminated water streams using functionalized multiwalled carbon nanotubes. J. Hazard. Mater. 2014, 274, 132–144. [Google Scholar] [CrossRef]

	



Ramana, D.V.; Kim, Y.Y.; Min, K. Efficient removal of Ni (II) by multi step treated carbon nanotubes from aqueous solutions: Kinetic, equilibrium and thermodynamic studies. Indian J. Adv. Chem. Sci. 2014, 3, 113–121. [Google Scholar]

	



Dehghani, M.H.; Yetilmezsoy, K.; Salari, M.; Heidarinejad, Z.; Yousefi, M.; Sillanpää, M. Adsorptive removal of cobalt (II) from aqueous solutions using multi-walled carbon nanotubes and γ-alumina as novel adsorbents: Modelling and optimization based on response surface methodology and artificial neural network. J. Mol. Liq. 2020, 299, 112154. [Google Scholar] [CrossRef]

	



Nayak, T.; Pathan, A. Environmental remediation and application of carbon-based nanomaterials in the treatment of heavy metal-contaminated water: A review. Mater. Today Proc. 2023, 92, 1659–1670. [Google Scholar] [CrossRef]

	



Compton, O.C.; Nguyen, S.T. Graphene oxide, highly reduced graphene oxide, and graphene: Versatile building blocks for carbon-based materials. Small 2010, 6, 711–723. [Google Scholar] [CrossRef] [PubMed]

	



Karthik, V.; Selvakumar, P.; Kumar, P.S.; Vo, D.-V.N.; Gokulakrishnan, M.; Keerthana, P.; Elakkiya, V.T.; Rajeswari, R. Graphene-based materials for environmental applications: A review. Environ. Chem. Lett. 2021, 19, 3631–3644. [Google Scholar] [CrossRef]

	



Huo, J.; Yu, G.; Wang, J. Efficient removal of Co (II) and Sr (II) from aqueous solution using polyvinyl alcohol/graphene oxide/MnO2 composite as a novel adsorbent. J. Hazard. Mater. 2021, 411, 125117. [Google Scholar] [CrossRef]

	



Yi, X.; Sun, F.; Han, Z.; Han, F.; He, J.; Ou, M.; Gu, J.; Xu, X. Graphene oxide encapsulated polyvinyl alcohol/sodium alginate hydrogel microspheres for Cu (II) and U (VI) removal. Ecotoxicol. Environ. Saf. 2018, 158, 309–318. [Google Scholar] [CrossRef]

	



Baudino, L.; Pedico, A.; Bianco, S.; Periolatto, M.; Pirri, C.F.; Lamberti, A. Crown-ether functionalized graphene oxide membrane for lithium recovery from water. Membranes 2022, 12, 233. [Google Scholar] [CrossRef]

	



Zhao, C.; Ma, L.; You, J.; Qu, F.; Priestley, R.D. EDTA-and amine-functionalized graphene oxide as sorbents for Ni (II) removal. Desalination Water Treat. 2016, 57, 8942–8951. [Google Scholar] [CrossRef]

	



Yan, H.; Li, H.; Tao, X.; Li, K.; Yang, H.; Li, A.; Xiao, S.; Cheng, R. Rapid removal and separation of iron (II) and manganese (II) from micropolluted water using magnetic graphene oxide. ACS Appl. Mater. Interfaces 2014, 6, 9871–9880. [Google Scholar] [CrossRef]

	



Apul, O.G.; Wang, Q.; Zhou, Y.; Karanfil, T. Adsorption of aromatic organic contaminants by graphene nanosheets: Comparison with carbon nanotubes and activated carbon. Water Res. 2013, 47, 1648–1654. [Google Scholar] [CrossRef]

	



Abdulsahib, W.K.; Ganduh, S.H.; Mahdi, M.A.; Jasim, L.S. Adsorptive removal of doxycycline from aqueous solution using graphene oxide/hydrogel composite. Int. J. Appl. Pharm. 2020, 12, 100–106. [Google Scholar] [CrossRef]

	



Jiang, L.; Liu, L.; Xiao, S.; Chen, J. Preparation of a novel manganese oxide-modified diatomite and its aniline removal mechanism from solution. Chem. Eng. J. 2016, 284, 609–619. [Google Scholar] [CrossRef]

	



Wang, Q.; Liu, S.; Liu, J.; Sun, J.; Zhang, Z.; Zhu, Q. Sustainable cellulose nanomaterials for environmental remediation-Achieving clean air, water, and energy: A review. Carbohydr. Polym. 2022, 285, 119251. [Google Scholar] [CrossRef] [PubMed]

	



Hokkanen, S.; Repo, E.; Sillanpää, M. Removal of heavy metals from aqueous solutions by succinic anhydride modified mercerized nanocellulose. Chem. Eng. J. 2013, 223, 40–47. [Google Scholar] [CrossRef]

	



Reshmy, R.; Philip, E.; Paul, S.A.; Madhavan, A.; Sindhu, R.; Binod, P.; Pandey, A.; Sirohi, R. Nanocellulose-based products for sustainable applications-recent trends and possibilities. Rev. Environ. Sci. Bio/Technol. 2020, 19, 779–806. [Google Scholar] [CrossRef]

	



Lin, N.; Huang, J.; Dufresne, A. Preparation, properties and applications of polysaccharide nanocrystals in advanced functional nanomaterials: A review. Nanoscale 2012, 4, 3274–3294. [Google Scholar] [CrossRef]

	



Sun, Y.; Chu, Y.; Wu, W.; Xiao, H. Nanocellulose-based lightweight porous materials: A review. Carbohydr. Polym. 2021, 255, 117489. [Google Scholar] [CrossRef] [PubMed]

	



Reshmy, R.; Philip, E.; Madhavan, A.; Pugazhendhi, A.; Sindhu, R.; Sirohi, R.; Awasthi, M.K.; Pandey, A.; Binod, P. Nanocellulose as green material for remediation of hazardous heavy metal contaminants. J. Hazard. Mater. 2022, 424, 127516. [Google Scholar] [CrossRef]

	



Singh, A.; Vijayan, J.G.; Moodley, K.G. Surface functionalizations of nanocellulose for wastewater treatment. In Handbook of Nanocelluloses: Classification, Properties, Fabrication, and Emerging Applications; Barhoum, A., Ed.; Springer: Cham, Switzerland, 2022; pp. 1–48. [Google Scholar]

	



Anirudhan, T.; Deepa, J.; Christa, J. Nanocellulose/nanobentonite composite anchored with multi-carboxyl functional groups as an adsorbent for the effective removal of Cobalt (II) from nuclear industry wastewater samples. J. Colloid Interface Sci. 2016, 467, 307–320. [Google Scholar] [CrossRef]

	



Jalvo, B.; Aguilar-Sanchez, A.; Ruiz-Caldas, M.-X.; Mathew, A.P. Water filtration membranes based on non-woven cellulose fabrics: Effect of nanopolysaccharide coatings on selective particle rejection, antifouling, and antibacterial properties. Nanomaterials 2021, 11, 1752. [Google Scholar] [CrossRef]

	



Bahi, A.; Shao, J.; Mohseni, M.; Ko, F.K. Membranes based on electrospun lignin-zeolite composite nanofibers. Sep. Purif. Technol. 2017, 187, 207–213. [Google Scholar] [CrossRef]

	



Chellasamy, G.; Kiriyanthan, R.M.; Maharajan, T.; Radha, A.; Yun, K. Remediation of microplastics using bionanomaterials: A review. Environ. Res. 2022, 208, 112724. [Google Scholar] [CrossRef] [PubMed]

	



Trache, D.; Hussin, M.H.; Haafiz, M.M.; Thakur, V.K. Recent progress in cellulose nanocrystals: Sources and production. Nanoscale 2017, 9, 1763–1786. [Google Scholar] [CrossRef] [PubMed]

	



Rahmanian, V.; Pirzada, T.; Wang, S.; Khan, S.A. Cellulose-based hybrid aerogels: Strategies toward design and functionality. Adv. Mater. 2021, 33, 2102892. [Google Scholar] [CrossRef] [PubMed]

	



Wahib, S.A.; Da’na, D.A.; Zaouri, N.; Hijji, Y.M.; Al-Ghouti, M.A. Adsorption and recovery of lithium ions from groundwater using date pits impregnated with cellulose nanocrystals and ionic liquid. J. Hazard. Mater. 2022, 421, 126657. [Google Scholar] [CrossRef]

	



Zhang, L.; Guo, L.; Wei, G. Recent advances in the fabrication and environmental science applications of cellulose nanofibril-based functional materials. Materials 2021, 14, 5390. [Google Scholar] [CrossRef]

	



Qin, F.; Fang, Z.; Zhou, J.; Sun, C.; Chen, K.; Ding, Z.; Li, G.; Qiu, X. Efficient removal of Cu2+ in water by carboxymethylated cellulose nanofibrils: Performance and mechanism. Biomacromolecules 2019, 20, 4466–4475. [Google Scholar] [CrossRef]

	



Keshtkar, A.R.; Tabatabaeefar, A.; Vaneghi, A.S.; Moosavian, M.A. Electrospun polyvinylpyrrolidone/silica/3-aminopropyltriethoxysilane composite nanofiber adsorbent: Preparation, characterization and its application for heavy metal ions removal from aqueous solution. J. Environ. Chem. Eng. 2016, 4, 1248–1258. [Google Scholar] [CrossRef]

	



Yousif, A.M.; Labib, S.A.; Ibrahim, I.A.; Atia, A.A. Recovery of Pt (IV) from aqueous solutions using magnetic functionalized cellulose with quaternary amine. Sep. Sci. Technol. 2019, 54, 1257–1268. [Google Scholar] [CrossRef]

	



Choi, H.Y.; Bae, J.H.; Hasegawa, Y.; An, S.; Kim, I.S.; Lee, H.; Kim, M. Thiol-functionalized cellulose nanofiber membranes for the effective adsorption of heavy metal ions in water. Carbohydr. Polym. 2020, 234, 115881. [Google Scholar] [CrossRef]

	



Hamimed, S.; Abdeljelil, N.; Landoulsi, A.; Chatti, A.; Aljabali, A.A.; Barhoum, A. Bacterial cellulose nanofibers: Biosynthesis, unique properties, modification, and emerging applications. In Handbook of Nanocelluloses: Classification, Properties, Fabrication, and Emerging Applications; Barhoum, A., Ed.; Springer: Cham, Switzerland, 2022; pp. 297–334. [Google Scholar]

	



Huang, Y.; Zhu, C.; Yang, J.; Nie, Y.; Chen, C.; Sun, D. Recent advances in bacterial cellulose. Cellulose 2014, 21, 1–30. [Google Scholar] [CrossRef]

	



Mahfoudhi, N.; Boufi, S. Nanocellulose as a novel nanostructured adsorbent for environmental remediation: A review. Cellulose 2017, 24, 1171–1197. [Google Scholar] [CrossRef]

	



Nata, I.F.; Sureshkumar, M.; Lee, C.-K. One-pot preparation of amine-rich magnetite/bacterial cellulose nanocomposite and its application for arsenate removal. RSC Adv. 2011, 1, 625–631. [Google Scholar] [CrossRef]

	



Gao, Y.; He, D.; Wu, L.; Wang, Z.; Yao, Y.; Huang, Z.-H.; Yang, H.; Wang, M.-X. Porous and ultrafine nitrogen-doped carbon nanofibers from bacterial cellulose with superior adsorption capacity for adsorption removal of low-concentration 4-chlorophenol. Chem. Eng. J. 2021, 420, 127411. [Google Scholar] [CrossRef]

	



Shen, L.; Wang, J.; Li, Z.; Fan, L.; Chen, R.; Wu, X.; Li, J.; Zeng, W. A high-efficiency Fe2O3@ Microalgae composite for heavy metal removal from aqueous solution. J. Water Process Eng. 2020, 33, 101026. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, B.; Cheng, Q.; Li, X.; Li, Z. Removal of toxic heavy metal ions (Pb, Cr, Cu, Ni, Zn, Co, Hg, and Cd) from waste batteries or lithium cells using nanosized metal oxides: A review. J. Nanosci. Nanotechnol. 2020, 20, 7231–7254. [Google Scholar] [CrossRef]

	



Guo, T.; Yao, M.-S.; Lin, Y.-H.; Nan, C.-W. A comprehensive review on synthesis methods for transition-metal oxide nanostructures. CrystEngComm 2015, 17, 3551–3585. [Google Scholar] [CrossRef]

	



Xu, P.; Zeng, G.M.; Huang, D.L.; Feng, C.L.; Hu, S.; Zhao, M.H.; Lai, C.; Wei, Z.; Huang, C.; Xie, G.X. Use of iron oxide nanomaterials in wastewater treatment: A review. Sci. Total Environ. 2012, 424, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Li, X.; Tang, J.; Zhou, Y.; Lin, Q.; Xiao, R.; Zhang, M. Characterization of goethite-fulvic acid composites and their impact on the immobility of Pb/Cd in soil. Chemosphere 2019, 222, 556–563. [Google Scholar] [CrossRef]

	



Nalbandian, M.J.; Zhang, M.; Sanchez, J.; Choa, Y.-H.; Nam, J.; Cwiertny, D.M.; Myung, N.V. Synthesis and optimization of Fe2O3 nanofibers for chromate adsorption from contaminated water sources. Chemosphere 2016, 144, 975–981. [Google Scholar] [CrossRef]

	



Shi, S.; Xu, C.; Wang, X.; Xie, Y.; Wang, Y.; Dong, Q.; Zhu, L.; Zhang, G.; Xu, D. Electrospinning fabrication of flexible Fe3O4 fibers by sol-gel method with high saturation magnetization for heavy metal adsorption. Mater. Des. 2020, 186, 108298. [Google Scholar] [CrossRef]

	



Lin, S.; Xu, M.; Zhang, W.; Hua, X.; Lin, K. Quantitative effects of amination degree on the magnetic iron oxide nanoparticles (MIONPs) using as adsorbents to remove aqueous heavy metal ions. J. Hazard. Mater. 2017, 335, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Xu, P.; Zeng, G.M.; Huang, D.L.; Yan, M.; Chen, M.; Lai, C.; Jiang, H.; Wu, H.P.; Chen, G.M.; Wan, J. Fabrication of reduced glutathione functionalized iron oxide nanoparticles for magnetic removal of Pb (II) from wastewater. J. Taiwan Inst. Chem. Eng. 2017, 71, 165–173. [Google Scholar] [CrossRef]

	



Jia, C.; Zhao, J.; Lei, L.; Kang, X.; Lu, R.; Chen, C.; Li, S.; Zhao, Y.; Yang, Q.; Chen, Z. Novel magnetically separable anhydride-functionalized Fe3O4@ SiO2@ PEI-NTDA nanoparticles as effective adsorbents: Synthesis, stability and recyclable adsorption performance for heavy metal ions. RSC Adv. 2019, 9, 9533–9545. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhai, S.; Li, S.; Xiao, Z.; Song, Y.; An, Q.; Tian, G. Pb (II) removal of Fe3O4@ SiO2–NH2 core–shell nanomaterials prepared via a controllable sol–gel process. Chem. Eng. J. 2013, 215, 461–471. [Google Scholar] [CrossRef]

	



Zhu, H.; Jia, S.; Wan, T.; Jia, Y.; Yang, H.; Li, J.; Yan, L.; Zhong, C. Biosynthesis of spherical Fe3O4/bacterial cellulose nanocomposites as adsorbents for heavy metal ions. Carbohydr. Polym. 2011, 86, 1558–1564. [Google Scholar] [CrossRef]

	



Cao, X.; Alabresm, A.; Chen, Y.P.; Decho, A.W.; Lead, J. Improved metal remediation using a combined bacterial and nanoscience approach. Sci. Total Environ. 2020, 704, 135378. [Google Scholar] [CrossRef]

	



Chen, X.; Cui, J.; Xu, X.; Sun, B.; Zhang, L.; Dong, W.; Chen, C.; Sun, D. Bacterial cellulose/attapulgite magnetic composites as an efficient adsorbent for heavy metal ions and dye treatment. Carbohydr. Polym. 2020, 229, 115512. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, Y.; Yang, S. Simultaneous removal of Co (II) and 1-naphthol by core–shell structured Fe3O4@ cyclodextrin magnetic nanoparticles. Carbohydr. Polym. 2014, 114, 521–529. [Google Scholar] [CrossRef]

	



Ebrahimpour, E.; Kazemi, A. Mercury (II) and lead (II) ions removal using a novel thiol-rich hydrogel adsorbent; PHPAm/Fe3O4@ SiO2-SH polymer nanocomposite. Environ. Sci. Pollut. Res. 2023, 30, 13605–13623. [Google Scholar] [CrossRef]

	



Mallakpour, S.; Tukhani, M.; Hussain, C.M. Sustainable plant and microbes-mediated preparation of Fe3O4 nanoparticles and industrial application of its chitosan, starch, cellulose, and dextrin-based nanocomposites as catalysts. Int. J. Biol. Macromol. 2021, 179, 429–447. [Google Scholar] [CrossRef] [PubMed]

	



Siddeeg, S.M.; Amari, A.; Tahoon, M.A.; Alsaiari, N.S.; Rebah, F.B. Removal of meloxicam, piroxicam and Cd+2 by Fe3O4/SiO2/glycidyl methacrylate-S-SH nanocomposite loaded with laccase. Alex. Eng. J. 2020, 59, 905–914. [Google Scholar] [CrossRef]

	



Mu, Y.; Jia, F.; Ai, Z.; Zhang, L. Iron oxide shell mediated environmental remediation properties of nano zero-valent iron. Environ. Sci. Nano 2017, 4, 27–45. [Google Scholar] [CrossRef]

	



Crane, R.A.; Scott, T.B. Nanoscale zero-valent iron: Future prospects for an emerging water treatment technology. J. Hazard. Mater. 2012, 211, 112–125. [Google Scholar] [CrossRef]

	



Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Dwivedi, R.P.; ALOthman, Z.A.; Mola, G.T. Novel development of nanoparticles to bimetallic nanoparticles and their composites: A review. J. King Saud Univ.-Sci. 2019, 31, 257–269. [Google Scholar] [CrossRef]

	



Li, Z.; Wang, L.; Meng, J.; Liu, X.; Xu, J.; Wang, F.; Brookes, P. Zeolite-supported nanoscale zero-valent iron: New findings on simultaneous adsorption of Cd (II), Pb (II), and As (III) in aqueous solution and soil. J. Hazard. Mater. 2018, 344, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Cook, S.M. Assessing the Use and Application of Zero-Valent Iron Nanoparticle Technology for Remediation at Contaminated Sites; Jackson State University: Jackson, MS, USA, 2009. [Google Scholar]

	



Lv, X.; Xu, J.; Jiang, G.; Tang, J.; Xu, X. Highly active nanoscale zero-valent iron (nZVI)–Fe3O4 nanocomposites for the removal of chromium (VI) from aqueous solutions. J. Colloid Interface Sci. 2012, 369, 460–469. [Google Scholar] [CrossRef]

	



Ken, D.S.; Sinha, A. Recent developments in surface modification of nano zero-valent iron (nZVI): Remediation, toxicity and environmental impacts. Environ. Nanotechnol. Monit. Manag. 2020, 14, 100344. [Google Scholar] [CrossRef]

	



Wu, N.; Wei, H.; Zhang, L. Efficient removal of heavy metal ions with biopolymer template synthesized mesoporous titania beads of hundreds of micrometers size. Environ. Sci. Technol. 2012, 46, 419–425. [Google Scholar] [CrossRef]

	



Hu, J.; Shipley, H.J. Regeneration of spent TiO2 nanoparticles for Pb (II), Cu (II), and Zn (II) removal. Environ. Sci. Pollut. Res. 2013, 20, 5125–5137. [Google Scholar] [CrossRef]

	



Kong, E.D.H.; Chau, J.H.F.; Lai, C.W.; Khe, C.S.; Sharma, G.; Kumar, A.; Siengchin, S.; Sanjay, M.R. GO/TiO2-related nanocomposites as photocatalysts for pollutant removal in wastewater treatment. Nanomaterials 2022, 12, 3536. [Google Scholar] [CrossRef] [PubMed]

	



Klapiszewski, Ł.; Siwińska-Stefańska, K.; Kołodyńska, D. Preparation and characterization of novel TiO2/lignin and TiO2-SiO2/lignin hybrids and their use as functional biosorbents for Pb (II). Chem. Eng. J. 2017, 314, 169–181. [Google Scholar] [CrossRef]

	



Gebru, K.A.; Das, C. Removal of Pb (II) and Cu (II) ions from wastewater using composite electrospun cellulose acetate/titanium oxide (TiO2) adsorbent. J. Water Process Eng. 2017, 16, 1–13. [Google Scholar] [CrossRef]

	



Maleki, A.; Hayati, B.; Najafi, F.; Gharibi, F.; Joo, S.W. Heavy metal adsorption from industrial wastewater by PAMAM/TiO2 nanohybrid: Preparation, characterization and adsorption studies. J. Mol. Liq. 2016, 224, 95–104. [Google Scholar] [CrossRef]

	



Ali, F.; Khan, S.B.; Kamal, T.; Alamry, K.A.; Asiri, A.M. Chitosan-titanium oxide fibers supported zero-valent nanoparticles: Highly efficient and easily retrievable catalyst for the removal of organic pollutants. Sci. Rep. 2018, 8, 6260. [Google Scholar] [CrossRef] [PubMed]

	



Razzaz, A.; Ghorban, S.; Hosayni, L.; Irani, M.; Aliabadi, M. Chitosan nanofibers functionalized by TiO2 nanoparticles for the removal of heavy metal ions. J. Taiwan Inst. Chem. Eng. 2016, 58, 333–343. [Google Scholar] [CrossRef]

	



Chen, J.; Yu, M.; Wang, C.; Feng, J.; Yan, W. Insight into the synergistic effect on selective adsorption for heavy metal ions by a polypyrrole/TiO2 composite. Langmuir 2018, 34, 10187–10196. [Google Scholar] [CrossRef]

	



Zhang, X.; Sathiyaseelan, A.; Naveen, K.V.; Lu, Y.; Wang, M.-H. Research progress in green synthesis of manganese and manganese oxide nanoparticles in biomedical and environmental applications—A review. Chemosphere 2023, 337, 139312. [Google Scholar] [CrossRef] [PubMed]

	



Tan, G.; Liu, Y.; Xiao, D. Preparation of manganese oxides coated porous carbon and its application for lead ion removal. Carbohydr. Polym. 2019, 219, 306–315. [Google Scholar] [CrossRef]

	



Islam, M.A.; Morton, D.W.; Johnson, B.B.; Mainali, B.; Angove, M.J. Manganese oxides and their application to metal ion and contaminant removal from wastewater. J. Water Process Eng. 2018, 26, 264–280. [Google Scholar] [CrossRef]

	



Dinh, V.-P.; Le, N.-C.; Nguyen, N.-T.; Tran, Q.-T.; Nguyen, V.-D.; Luu, A.-T.; Hung, N.Q.; Tap, T.D.; Ho, T.-H. Determination of cobalt in seawater using neutron activation analysis after preconcentration by adsorption onto γ-MnO2 nanomaterial. J. Chem. 2018, 2018, 9126491. [Google Scholar] [CrossRef]

	



Ashrafi, A.; Rahbar-Kelishami, A.; Shayesteh, H. Highly efficient simultaneous ultrasonic assisted adsorption of Pb (II) by Fe3O4@ MnO2 core-shell magnetic nanoparticles: Synthesis and characterization, kinetic, equilibrium, and thermodynamic studies. J. Mol. Struct. 2017, 1147, 40–47. [Google Scholar] [CrossRef]

	



Mahmoud, M.E.; Khalifa, M.A.; Al-sherady, M.A.; Mohamed, A.K.; El-Demerdash, F.M. A novel multifunctional sandwiched activated carbon between manganese and tin oxides nanoparticles for removal of divalent metal ions. Powder Technol. 2019, 351, 169–177. [Google Scholar] [CrossRef]

	



Dong, L.; Zhu, Z.; Ma, H.; Qiu, Y.; Zhao, J. Simultaneous adsorption of lead and cadmium on MnO2-loaded resin. J. Environ. Sci. 2010, 22, 225–229. [Google Scholar] [CrossRef]

	



Zhang, J.; Han, J.; Wang, M.; Guo, R. Fe3O4/PANI/MnO2 core–shell hybrids as advanced adsorbents for heavy metal ions. J. Mater. Chem. A 2017, 5, 4058–4066. [Google Scholar] [CrossRef]

	



Yasa, S.; Aydin, O.; Al-Bujasim, M.; Birol, B.; Gencten, M. Recycling valuable materials from the cathodes of spent lithium-ion batteries: A comprehensive review. J. Energy Storage 2023, 73, 109073. [Google Scholar] [CrossRef]

	



Creixell, N.T. Resource, Recycling and Waste Challenges for Storage Resources in a 100% Renewable Economy; Universitat Politècnica de Catalunya: Barcelona, Spain, 2018. [Google Scholar]

	



Gao, S.-J.; Liu, W.-F.; Fu, D.-J.; Liu, X.-G. Research progress on recovering the components of spent Li-ion batteries. New Carbon Mater. 2022, 37, 435–460. [Google Scholar] [CrossRef]

	



Sobianowska-Turek, A.; Urbańska, W.; Janicka, A.; Zawiślak, M.; Matla, J. The necessity of recycling of waste li-ion batteries used in electric vehicles as objects posing a threat to human health and the environment. Recycling 2021, 6, 35. [Google Scholar] [CrossRef]

	



Dutta, T.; Kim, K.-H.; Deep, A.; Szulejko, J.E.; Vellingiri, K.; Kumar, S.; Kwon, E.E.; Yun, S.-T. Recovery of nanomaterials from battery and electronic wastes: A new paradigm of environmental waste management. Renew. Sustain. Energy Rev. 2018, 82, 3694–3704. [Google Scholar] [CrossRef]

	



Jha, M.K.; Kumari, A.; Jha, A.K.; Kumar, V.; Hait, J.; Pandey, B.D. Recovery of lithium and cobalt from waste lithium ion batteries of mobile phone. Waste Manag. 2013, 33, 1890–1897. [Google Scholar] [CrossRef]

	



Xu, L.; Chen, C.; Huo, J.-B.; Chen, X.; Yang, J.-C.E.; Fu, M.-L. Iron hydroxyphosphate composites derived from waste lithium-ion batteries for lead adsorption and Fenton-like catalytic degradation of methylene blue. Environ. Technol. Innov. 2019, 16, 100504. [Google Scholar] [CrossRef]

	



Chen, S.; Li, Z.; Belver, C.; Gao, G.; Guan, J.; Guo, Y.; Li, H.; Ma, J.; Bedia, J.; Wójtowicz, P. Comparison of the behavior of ZVI/carbon composites from both commercial origin and from spent Li-ion batteries and mill scale for the removal of ibuprofen in water. J. Environ. Manag. 2020, 264, 110480. [Google Scholar] [CrossRef] [PubMed]

	



Zou, W.; Feng, X.; Wang, R.; Wei, W.; Luo, S.; Zheng, R.; Yang, D.; Mi, H.; Chen, H. High-efficiency core-shell magnetic heavy-metal absorbents derived from spent-LiFePO4 Battery. J. Hazard. Mater. 2021, 402, 123583. [Google Scholar] [CrossRef] [PubMed]

	



Guan, J.; Li, Z.; Chen, S.; Gu, W. Zero-valent iron supported on expanded graphite from spent lithium-ion battery anodes and ferric chloride for the degradation of 4-chlorophenol in water. Chemosphere 2022, 290, 133381. [Google Scholar] [CrossRef]

	



Jiao, M.; Zhang, Q.; Ye, C.; Gao, R.; Dai, L.; Zhou, G.; Cheng, H.-M. Isolating contiguous Fe atoms by forming a Co–Fe intermetallic catalyst from spent lithium-ion batteries to regulate activity for zinc–air batteries. ACS Nano 2022, 16, 13223–13231. [Google Scholar] [CrossRef]

	



Pietrzyk-Thel, P.; Osial, M.; Pregowska, A.; Abramowicz, M.; Nguyen, T.P.; Urbańska, W.; Giersig, M. SPIONs doped with cobalt from the Li-ion battery acid leaching waste as a photocatalyst for tetracycline degradation-synthesis, characterization, DFT studies, and antibiotic treatment. Desalination Water Treat. 2023, 305, 155–173. [Google Scholar] [CrossRef]

	



Darezereshki, E.; Vakylabad, A.B.; Hassanzadeh, A.; Niedoba, T.; Surowiak, A.; Koohestani, B. Hydrometallurgical synthesis of nickel nano-sulfides from spent lithium-ion batteries. Minerals 2021, 11, 419. [Google Scholar] [CrossRef]

	



Sandhya, C.P.; John, B.; Gouri, C. Synthesis, characterization and electrochemical evaluation of mixed oxides of nickel and cobalt from spent lithium-ion cells. RSC Adv. 2016, 6, 114192–114197. [Google Scholar] [CrossRef]

	



Shin, S.-M.; Lee, D.-W.; Wang, J.-P. Fabrication of nickel nanosized powder from linio2 from spent lithium-ion battery. Metals 2018, 8, 79. [Google Scholar] [CrossRef]

	



Assefi, M.; Maroufi, S.; Yamauchi, Y.; Sahajwalla, V. Core–shell nanocatalysts of Co3O4 and NiO shells from new (discarded) resources: Sustainable recovery of cobalt and nickel from spent lithium-ion batteries, Ni–Cd batteries, and LCD panel. ACS Sustain. Chem. Eng. 2019, 7, 19005–19014. [Google Scholar] [CrossRef]

	



Wu, J.; Guo, G.; Zhu, J.; Cheng, Y.; Cheng, X. Study on the synthesis of NiCo2O4 as lithium-ion battery anode using spent LiNi0.6Co0.2Mn0.2O2 batteries. Ionics 2021, 27, 3793–3800. [Google Scholar] [CrossRef]

	



Li, Z.; Yang, Y.; Wen, B.; Liu, X.; Wang, Y.; Du, F.; Ma, M.; Li, L.; Yang, G.; Ding, S. Recovered cobalt-nickel sulfide from spent lithium-ion batteries as an advanced anode material toward sodium-ion batteries. J. Alloys Compd. 2023, 956, 170328. [Google Scholar] [CrossRef]

	



Jian-wei, G.; Qiong, W.; Zhao, M. Exhaust emissions of diesel engines with nano-copper additives. Appl. Nanosci. 2020, 10, 1045–1052. [Google Scholar] [CrossRef]

	



Bakshi, M.; Kumar, A. Applications of copper nanoparticles in plant protection and pollution sensing: Toward promoting sustainable agriculture. In Copper Nanostructures: Next-Generation of Agrochemicals for Sustainable Agroecosystems; Elsevier: Amsterdam, The Netherlands, 2022; pp. 393–413. [Google Scholar]

	



Zhang, W.; Liu, Z.; Xu, C.; He, W.; Li, G.; Huang, J.; Zhu, H. Preparing graphene oxide–copper composite material from spent lithium ion batteries and catalytic performance analysis. Res. Chem. Intermed. 2018, 44, 5075–5089. [Google Scholar] [CrossRef]

	



Sena, S.D.S.; da Cruz, J.C.; de Carvalho Teixeira, A.P.; Lopes, R.P. Cr(VI) reduction and adsorption by bimetallic nanoparticles from Li-ion batteries. Environ. Sci. Pollut. Res. 2020, 27, 39211–39221. [Google Scholar] [CrossRef]

	



Subramanyan, K.; Akshay, M.; Lee, Y.S.; Aravindan, V. Fabrication of Na-Ion Full-Cells using Carbon-Coated Na3V2 (PO4) 2O2F Cathode with Conversion Type CuO Nanoparticles from Spent Li-Ion Batteries. Small Methods 2022, 6, 2200257. [Google Scholar] [CrossRef] [PubMed]

	



Nie, C.-C.; Li, X.-G.; Shi, S.-X.; Wang, Y.-S.; Lyu, X.-J.; Li, G.-Y.; Zhu, X.-N.; Wang, Z. Eco-friendly strategy for advanced recycling waste copper from spent lithium-ion batteries: Preparation of micro-nano copper powder. Sep. Purif. Technol. 2023, 322, 124277. [Google Scholar] [CrossRef]

	



da Cruz, J.C.; Silva, R.M.E.; da Silva, G.T.S.T.; Mascaro, L.H.; Ribeiro, C. Recycling spent batteries to green innovation: A CuCo-based composite as an electrocatalyst for CO2 reduction. Sustain. Energy Fuels 2024, 8, 3104–3112. [Google Scholar] [CrossRef]

	



Wu, Y.; Zhou, K.; Zhang, X.; Peng, C.; Jiang, Y.; Chen, W. Aluminum separation by sulfuric acid leaching-solvent extraction from Al-bearing LiFePO4/C powder for recycling of Fe/P. Waste Manag. 2022, 144, 303–312. [Google Scholar] [CrossRef]

	



Zhang, Z.; Qiu, J.; Yu, M.; Jin, C.; Yang, B.; Guo, G. Performance of Al-doped LiNi1/3Co1/3Mn1/3O2 synthesized from spent lithium ion batteries by sol-gel method. Vacuum 2020, 172, 109105. [Google Scholar] [CrossRef]

	



Chernyaev, A.; Zhang, J.; Seisko, S.; Louhi-Kultanen, M.; Lundström, M. Fe3+ and Al3+ removal by phosphate and hydroxide precipitation from synthetic NMC Li-ion battery leach solution. Sci. Rep. 2023, 13, 21445. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Qin, Q.; Zhang, H.; Chen, X.; Luo, L.; Li, G.; Zheng, S.; Li, P. Novel Technology for the Removal of Fe and Al from Spent Li-Ion Battery Leaching Solutions by a Precipitation–Complexation Process. ACS Sustain. Chem. Eng. 2022, 10, 13702–13709. [Google Scholar] [CrossRef]

	



de Bruin-Dickason, C.; Budnyk, S.; Piątek, J.; Jenei, I.-Z.; Budnyak, T.M.; Slabon, A. Valorisation of used lithium-ion batteries into nanostructured catalysts for green hydrogen from boranes. Mater. Adv. 2020, 1, 2279–2285. [Google Scholar] [CrossRef]

	



Junior, A.B.B.; Stopic, S.; Friedrich, B.; Tenório, J.A.S.; Espinosa, D.C.R. Cobalt recovery from Li-ion battery recycling: A critical review. Metals 2021, 11, 1999. [Google Scholar] [CrossRef]

	



Mansur, M.B.; Guimarães, A.S.; Petraniková, M. An overview on the recovery of cobalt from end-of-life lithium ion batteries. Miner. Process. Extr. Metall. Rev. 2022, 43, 489–509. [Google Scholar] [CrossRef]

	



Yao, L.; Xi, Y.; Xi, G.; Feng, Y. Synthesis of cobalt ferrite with enhanced magnetostriction properties by the sol−gel−hydrothermal route using spent Li-ion battery. J. Alloys Compd. 2016, 680, 73–79. [Google Scholar] [CrossRef]

	



Moura, M.N.; Barrada, R.V.; Almeida, J.R.; Moreira, T.F.M.; Schettino, M.A.; Freitas, J.C.C.; Ferreira, S.A.D.; Lelis, M.F.F.; Freitas, M.B.J.G. Synthesis, characterization and photocatalytic properties of nanostructured CoFe2O4 recycled from spent Li-ion batteries. Chemosphere 2017, 182, 339–347. [Google Scholar] [CrossRef]

	



Aboelazm, E.A.; Ali, G.A.; Algarni, H.; Yin, H.; Zhong, Y.L.; Chong, K.F. Magnetic electrodeposition of the hierarchical cobalt oxide nanostructure from spent lithium-ion batteries: Its application as a supercapacitor electrode. J. Phys. Chem. C 2018, 122, 12200–12206. [Google Scholar] [CrossRef]

	



Lugani, Y.; Kauldhar, B.S.; Kaur, N.; Sooch, B.S. Phenotypic Characterization and Synthesis of Extracellular Catecholase from a Newly Isolated Bacterium pseudomonas sp. BSC-6. Braz. Arch. Biol. Technol. 2019, 62, e19180360. [Google Scholar] [CrossRef]

	



Dhiman, S.; Gupta, B. Co3O4 nanoparticles synthesized from waste Li-ion batteries as photocatalyst for degradation of methyl blue dye. Environ. Technol. Innov. 2021, 23, 101765. [Google Scholar] [CrossRef]

	



Behura, R.; Sakthivel, R.; Das, N. Synthesis of cobalt ferrite nanoparticles from waste iron ore tailings and spent lithium ion batteries for photo/sono-catalytic degradation of Congo red. Powder Technol. 2021, 386, 519–527. [Google Scholar] [CrossRef]

	



Min, X.; Guo, M.; Liu, L.; Li, L.; Gu, J.-N.; Liang, J.; Chen, C.; Li, K.; Jia, J.; Sun, T. Synthesis of MnO2 derived from spent lithium-ion batteries via advanced oxidation and its application in VOCs oxidation. J. Hazard. Mater. 2021, 406, 124743. [Google Scholar] [CrossRef] [PubMed]

	



Vakylabad, A.B.; Darezereshki, E.; Hassanzadeh, A. Selective Recovery of Cobalt and Fabrication of Nano-Co3S4 from Pregnant Leach Solution of Spent Lithium-Ion Batteries. J. Sustain. Metall. 2021, 7, 1027–1044. [Google Scholar] [CrossRef]

	



Chaudhary, V.; Lakhera, P.; Shrivastav, V.; Kumar, P.; Deep, A. Nanoporous carbon/cobalt composite derived from end-of-life lithium cobalt oxide-type lithium-ion batteries for supercapacitor applications. Ind. Eng. Chem. Res. 2022, 61, 18492–18502. [Google Scholar] [CrossRef]

	



Nshizirungu, T.; Rana, M.; Khan, M.I.H.; Jo, Y.T.; Park, J.-H. Innovative green approach for recovering Co2O3 nanoparticles and Li2CO3 from spent lithium-ion batteries. J. Hazard. Mater. Adv. 2023, 9, 100242. [Google Scholar] [CrossRef]

	



Balqis, F.; Irmawati, Y.; Geng, D.; Nugroho, F.A.A.; Sumboja, A. Nanostructured Ball-Milled Ni–Co–Mn Oxides from Spent Li-Ion Batteries as Electrocatalysts for Oxygen Evolution Reaction. ACS Appl. Nano Mater. 2023, 7, 18138–18145. [Google Scholar] [CrossRef]

	



Ash, S. Mineral Commodity Summaries 2019; US Geological Survey: Reston, VA, USA, 2019. [Google Scholar]

	



Winslow, K.M.; Laux, S.J.; Townsend, T.G. A review on the growing concern and potential management strategies of waste lithium-ion batteries. Resour. Conserv. Recycl. 2018, 129, 263–277. [Google Scholar] [CrossRef]

	



Mylarappa, M.; Lakshmi, V.V.; Mahesh, K.V.; Nagaswarupa, H.; Raghavendra, N. A facile hydrothermal recovery of nano sealed MnO2 particle from waste batteries: An advanced material for electrochemical and environmental applications. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2016; Volume 149, p. 012178. [Google Scholar]

	



Natarajan, S.; Anantharaj, S.; Tayade, R.J.; Bajaj, H.C.; Kundu, S. Recovered spinel MnCo2O4 from spent lithium-ion batteries for enhanced electrocatalytic oxygen evolution in alkaline medium. Dalton Trans. 2017, 46, 14382–14392. [Google Scholar] [CrossRef]

	



Nascimento, M.A.; Cruz, J.C.; Rodrigues, G.D.; de Oliveira, A.F.; Lopes, R.P. Synthesis of polymetallic nanoparticles from spent lithium-ion batteries and application in the removal of reactive blue 4 dye. J. Clean. Prod. 2018, 202, 264–272. [Google Scholar] [CrossRef]

	



Rahmat, M.; Rehman, A.; Rahmat, S.; Bhatti, H.N.; Iqbal, M.; Khan, W.S.; Jamil, Y.; Bajwa, S.Z.; Sarwar, Y.; Rasul, S. Laser ablation assisted preparation of MnO2 nanocolloids from waste battery cell powder: Evaluation of physico-chemical, electrical and biological properties. J. Mol. Struct. 2019, 1191, 284–290. [Google Scholar] [CrossRef]

	



Hao, J.; Meng, X.; Fang, S.; Cao, H.; Lv, W.; Zheng, X.; Liu, C.; Chen, M.; Sun, Z. MnO2-functionalized amorphous carbon sorbents from spent lithium-ion batteries for highly efficient removal of cadmium from aqueous solutions. Ind. Eng. Chem. Res. 2020, 59, 10210–10220. [Google Scholar] [CrossRef]

	



Yao, Z.; Huang, Z.; Song, Q.; Tang, Y.; Qiu, R.; Ruan, J. Recovery nano-flake (100 nm thickness) of zero-valent manganese from spent lithium-ion batteries. J. Clean. Prod. 2021, 278, 123867. [Google Scholar] [CrossRef]

	



Chen, X.; Deng, F.; Liu, X.; Cui, K.-P.; Weerasooriya, R. Hydrothermal synthesis of MnO2/Fe(0) composites from Li-ion battery cathodes for destructing sulfadiazine by photo-Fenton process. Sci. Total Environ. 2021, 774, 145776. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, B.; Li, Q.; Cartmell, S.; Ferrara, S.; Deng, Z.D.; Xiao, J. Lithium and lithium ion batteries for applications in microelectronic devices: A review. J. Power Sources 2015, 286, 330–345. [Google Scholar] [CrossRef]

	



Swain, B. Recovery and recycling of lithium: A review. Sep. Purif. Technol. 2017, 172, 388–403. [Google Scholar] [CrossRef]

	



Santana, I.L.; Moreira, T.F.M.; Lelis, M.F.F.; Freitas, M.B.J.G. Photocatalytic properties of Co3O4/LiCoO2 recycled from spent lithium-ion batteries using citric acid as leaching agent. Mater. Chem. Phys. 2017, 190, 38–44. [Google Scholar] [CrossRef]

	



Fan, E.; Li, L.; Zhang, X.; Bian, Y.; Xue, Q.; Wu, J.; Wu, F.; Chen, R. Selective recovery of Li and Fe from spent lithium-ion batteries by an environmentally friendly mechanochemical approach. ACS Sustain. Chem. Eng. 2018, 6, 11029–11035. [Google Scholar] [CrossRef]

	



Shangguan, E.; Fu, S.; Wu, S.; Wang, Q.; Wu, C.; Li, J.; Cai, X.; Chang, Z.; Wang, Z.; Li, Q.; et al. Evolution of spent LiFePO4 powders into LiFePO4/C/FeS composites: A facile and smart approach to make sustainable anodes for alkaline Ni-Fe secondary batteries. J. Power Sources 2018, 403, 38–48. [Google Scholar] [CrossRef]

	



Song, W.; Liu, J.; You, L.; Wang, S.; Zhou, Q.; Gao, Y.; Yin, R.; Xu, W.; Guo, Z. Re-synthesis of nano-structured LiFePO4/graphene composite derived from spent lithium-ion battery for booming electric vehicle application. J. Power Sources 2019, 419, 192–202. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hao, T.; Huang, X.; Duan, J.; Meng, Q.; Wang, D.; Lin, Y.; Xu, M.; Dong, P. Synthesis of high performance nano-over-lithiated oxide coated LiNi0.6Co0.2Mn0.2O2 from spent lithium ion batteries. Mater. Res. Express 2019, 6, 085521. [Google Scholar] [CrossRef]

	



Natarajan, S.; Subramani, K.; Lee, Y.-S.; Sathish, M.; Aravindan, V. Sandwich layered Li0.32Al0.68MnO2(OH)2 from spent Li-ion battery to build high-performance supercapacitor: Waste to energy storage approach. J. Alloys Compd. 2020, 827, 154336. [Google Scholar] [CrossRef]

	



Joo, S.; Shim, H.-W.; Choi, J.-J.; Lee, C.-G.; Kim, D.-G. A method of synthesizing lithium hydroxide nanoparticles using lithium sulfate from spent batteries by 2-step precipitation method. Korean J. Met. Mater. 2020, 58, 286–291. [Google Scholar] [CrossRef]

	



Arif, A.; Xu, M.; Rashid, J.; Saraj, C.S.; Li, W.; Akram, B.; Hu, B. Efficient recovery of lithium cobaltate from spent lithium-ion batteries for oxygen evolution reaction. Nanomaterials 2021, 11, 3343. [Google Scholar] [CrossRef] [PubMed]

	



He, K.; Zhang, Z.-Y.; Zhang, F.-S. Synthesis of graphene and recovery of lithium from lithiated graphite of spent Li-ion battery. Waste Manag. 2021, 124, 283–292. [Google Scholar] [CrossRef]

	



Schauerman, C.M.; Ganter, M.J.; Gaustad, G.; Babbitt, C.W.; Raffaelle, R.P.; Landi, B.J. Recycling single-wall carbon nanotube anodes from lithium ion batteries. J. Mater. Chem. 2012, 22, 12008–12015. [Google Scholar] [CrossRef]

	



Natarajan, S.; Lakshmi, D.S.; Bajaj, H.C.; Srivastava, D.N. Recovery and utilization of graphite and polymer materials from spent lithium-ion batteries for synthesizing polymer–graphite nanocomposite thin films. J. Environ. Chem. Eng. 2015, 3 Pt A, 2538–2545. [Google Scholar] [CrossRef]

	



Zhang, Y.; Guo, X.; Wu, F.; Yao, Y.; Yuan, Y.; Bi, X.; Luo, X.; Shahbazian-Yassar, R.; Zhang, C.; Amine, K. Mesocarbon Microbead Carbon-Supported Magnesium Hydroxide Nanoparticles: Turning Spent Li-ion Battery Anode into a Highly Efficient Phosphate Adsorbent for Wastewater Treatment. ACS Appl. Mater. Interfaces 2016, 8, 21315–21325. [Google Scholar] [CrossRef] [PubMed]

	



Natarajan, S.; Ede, S.R.; Bajaj, H.C.; Kundu, S. Environmental benign synthesis of reduced graphene oxide (rGO) from spent lithium-ion batteries (LIBs) graphite and its application in supercapacitor. Colloids Surf. A Physicochem. Eng. Asp. 2018, 543, 98–108. [Google Scholar] [CrossRef]

	



Zhang, L.; Guo, H.; Xue, R.; Yue, L.; Li, Q.; Liu, H.; Yang, W.; Wang, X.; Yang, W. In-situ facile synthesis of flower shaped NiS2@regenerative graphene oxide derived from waste dry battery nano-composites for high-performance supercapacitors. J. Energy Storage 2020, 31, 101630. [Google Scholar] [CrossRef]

	



Azam, M.G.; Kabir, M.H.; Shaikh, M.A.A.; Ahmed, S.; Mahmud, M.; Yasmin, S. A rapid and efficient adsorptive removal of lead from water using graphene oxide prepared from waste dry cell battery. J. Water Process Eng. 2022, 46, 102597. [Google Scholar] [CrossRef]

	



Kumar, K.Y.; Prashanth, M.; Shanavaz, H.; Parashuram, L.; Alharethy, F.; Jeon, B.-H.; Devi, V.A.; Raghu, M. Spent Li-ion batteries derived synthesis of boron doped RGO-Bi2WO6 for photocatalytic degradation of antibiotics. Appl. Surf. Sci. Adv. 2024, 19, 100569. [Google Scholar] [CrossRef]

	



Xie, Z.; Zhang, D.; Yang, B.; Qu, T.; Liang, F. Regulation of high value-added carbon nanomaterials by DC arc plasma using graphite anodes from spent lithium-ion batteries. Waste Manag. 2024, 174, 88–95. [Google Scholar] [CrossRef]

	



Zhu, X.; Xiao, J.; Chen, Y.; Tang, L.; Hou, H.; Yao, Z.; Zhang, Z.; Zhong, Q. A high-performance nano-Sn/G@C composite anode prepared by waste carbon residue from spent Lithium-ion batteries. Chem. Eng. J. 2022, 450, 138113. [Google Scholar] [CrossRef]

	



Bejigo, K.S.; Natarajan, S.; Bhunia, K.; Elumalai, V.; Kim, S.-J. Recycling of value-added products from spent lithium-ion batteries for oxygen reduction and methanol oxidation reactions. J. Clean. Prod. 2023, 384, 135520. [Google Scholar] [CrossRef]

	



Ding, Y.; Cano, Z.P.; Yu, A.; Lu, J.; Chen, Z. Automotive Li-ion batteries: Current status and future perspectives. Electrochem. Energy Rev. 2019, 2, 1–28. [Google Scholar] [CrossRef]

	



Faunce, T.A.; Prest, J.; Su, D.; Hearne, S.J.; Iacopi, F. On-grid batteries for large-scale energy storage: Challenges and opportunities for policy and technology. MRS Energy Sustain. 2018, 5, E11. [Google Scholar] [CrossRef]

	



He, X.; Zhang, X. A comprehensive review of supercapacitors: Properties, electrodes, electrolytes and thermal management systems based on phase change materials. J. Energy Storage 2022, 56, 106023. [Google Scholar] [CrossRef]

	



Chitre, A.; Freake, D.; Lander, L.; Edge, J.; Titirici, M.M. Towards a more sustainable lithium-ion battery future: Recycling libs from electric vehicles. Batter. Supercaps 2020, 3, 1126–1136. [Google Scholar] [CrossRef]








[image: Sustainability 16 09231 g001] 





Figure 1. A schematic representation of a storage system for compressed air, where Comp—compressor; M/G—Motor/Generator; and Exp—Expander. Reproduced with permission from Zhou et al. (2019) [19], ©Elsevier, 2019. 
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Figure 2. An illustration of a pumped hydroelectric system. Reproduced with permission from Rehman et al. (2015) [23], ©Elsevier, 2015. 
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Figure 3. A schematic diagram of a typical lead–acid battery. Reproduced with permission from Islam et al. (2021) [29], ©Proceedings of the waste safe, 2021. 
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Figure 4. Various types of nanosized materials for enhancing the functions of batteries with Li-ion. 
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Table 1. Summary of different systems used to store energy with their competence, limitations, and recent advancements.
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	Energy Storage System
	Mechanism and Efficiency
	Limitations
	Recent Advancements





	System to store compressed air (CAES)
	Accumulating energy through air compression and storing it in chambers under the ground. Efficiency: 42–54% [18]
	Requires specific geological formations, high initial costs, relatively low efficiency [20]
	Hybrid CAES systems integrating renewable energy, adiabatic CAES designs, using abandoned mines and aquifers [21]



	Pumped Hydroelectric Storage
	Pumping water to a higher level and discharging it through turbines. Efficiency: 70–85% [24]
	Needs large geographic areas with suitable elevation, potential environmental impact on ecosystems, high construction costs [25]
	Variable speed pump turbines, using existing water bodies, development of small-scale systems [25]



	Lead–Acid Batteries
	Using chemical reactions between lead and sulfuric acid to store and release energy. Efficiency: 70–80% [32]
	Heavy, low energy density, sensitive to temperature variations, limited cycle life, environmental concerns, and depth of discharge [31,33]
	Advanced lead–carbon batteries, efficient recycling methods to mitigate environmental impact [27,31]



	Lithium-Ion Batteries (LIBs)
	Lithium-ion batteries use lithium ions between the cathode and anode, offering high energy density, fast charging, long cycle life, and 85–95% efficiency depending on configuration and usage [34].
	Safety concerns include overheating, thermal runaway, limited lifespan from degradation, environmental impact due to rare materials, reduced capacity in extreme temperatures, and high production costs [34].
	Nanotechnology enhances energy capacity, cycle life, and safety. Nanoparticles like nickel, cobalt, and aluminum improve thermal stability, charge rates, and overall performance by reducing internal resistance and overheating risks [34,35].
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	Nanoparticle Type
	Examples
	Mechanism of Action
	Advantages
	Achieved Performance
	References





	Metallic Nanoparticles
	Nickel (Ni)
	High surface area, enhances electron transport, reduces resistance, and stabilizes SEI layer.
	Improves fast charging and discharging rates, high power densities, and enhanced stability.
	Charge capacity of 253.1 mAh/g at 3.7 C discharge, retains 80% capacity after 20 cycles.
	[37,38,39,40]



	
	Cobalt (Co)
	Catalytic properties enhance redox reactions and heat dissipation.
	Improves battery stability by reducing overheating, enhancing charge-discharge rates, and safety.
	Specific capacity of 274 mAh/g, enhances thermal stability, and prevents thermal runaway.
	[36,41]



	
	Aluminum (Al)
	Creates conductive networks, reduces mechanical stress, and acts as a catalyst for redox reactions.
	Reduces weight, improves mechanical integrity, boosts overall energy efficiency, and increases battery life.
	Theoretical capacity of 993 mAh/g and improves power density and battery lifespan.
	[42,43,44]



	
	Hybrid (Ni-Co-Al)
	Combines high conductivity and thermal stability.
	Achieves superior battery performance with high capacity, enhanced conductivity, and mechanical strength.
	NMC811 shows 80% Ni content, 10% Co, and 10% Mn, achieving superior energy and power performance in EVs.
	[45,46,47]



	Carbon-Based Nanoparticles
	Graphene
	Large surface area, high conductivity, structural robustness, and temperature conductivity.
	Boosts electron transport and facilitates fast lithium-ion movement, enhances cycle stability and energy density.
	Graphene anodes show capacities as high as 1513.2 mAh/g and maintain 260.3 mAh/g after 1100 cycles.
	[36,48,49,50]



	
	Carbon Nanotubes (CNTs)
	High electron mobility, provides active sites for lithium storage, improves safety by dissipating heat and reducing dendrites.
	Enhances energy density, provides mechanical stability, prevents overheating and cracking.
	CNT-enhanced batteries maintain structural integrity and performance over long charge/discharge cycles, showing high-capacity retention.
	[36,48]



	
	Carbon Nanofibers (CNFs)
	High electrical conductivity and mechanical strength, providing continuous pathways for electron movement.
	Facilitates rapid electron transport, improves energy efficiency, and reduces internal resistance.
	CNFs improve specific capacity and provide enhanced power capabilities.
	[36,51,52]



	Other Nanoparticles
	Transition Metal Oxides (e.g., MnO2, TiO2)
	Undergoes conversion reactions allowing higher capacity storage and enhances electron transport.
	Boosts capacity, thermal stability, and battery safety.
	MnO shows high specific capacities and improved battery stability, with excellent potential for cost-effective applications.
	[35,45,55]



	
	Polymer-based Nanoparticles
	Provides flexible structure for lithium-ion storage and intercalation, improves ion conductivity, and electrochemical stability.
	Increases specific capacity, enhances thermal stability, and reduces the overall weight of the battery while maintaining performance.
	Silicon polymer matrix composites maintain 90% capacity after 500 cycles, showing significant potential for long-term use.
	[59]



	
	Silicon Nanoparticles
	High lithium-ion storage capability with significant volume expansion accommodated by flexible matrices.
	Achieves superior capacity compared to traditional graphite anodes, provides higher energy storage.
	Gravimetric capacity of 4200 mAh/g with over 90% retention over 500 cycles.
	[60,61]



	
	Vanadium Sulfide (VS2)
	Layered structure facilitates rapid lithium-ion diffusion and provides high specific capacities.
	Enhances charge and discharge rates, allows for high lithium-ion diffusion rates.
	Intercalation improved capacity from 80 mAh/g to 130 mAh/g.
	[57,58]
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	Nano-Composition of Lithium-Ion Batteries
	Thermal Analysis Tools Used
	Characteristics of Enhanced/Results of Study
	References





	Li4Ti5O12/TiO2 nanocomposite
	DSC
	Improved thermal stability,

Exceptional rate capability

Cycling stability
	[100]



	Nanosized delithiated LiFePO4, LCO
	DSC
	Thermal stability of the material was dependent on their structural stability.

Nanosized LCO demonstrated reduced thermal stability due to its propensity for oxygen release.
	[99]



	LiMn2O4 nanoparticles
	DSC
	Exhibits a relatively low surface energy

Enhanced stability against particle coarsening and reactivity with water
	[101]



	Nanosized CoO anode material
	TGA
	Detection of excess oxygen content

Enhanced energy storage capacity
	[103]



	Paraffin-based nanocomposites (graphene or hexagonal boron-nitride nanosheets)
	TCA
	Improved the thermal conductivity

Overall thermal performance of battery was not substantially enhanced
	[111]



	Nano-Li4Ti5O12 powders synthesized with acrylic acid, lithium nitrate, and tetrabutyl titanate
	TGA-DTA-XRD-SEM
	Excellent electrochemical performance

Effective rate execution with a capacity of 122 mAh/g charge at 10 C
	[110]



	Nanosized TiO2 filler with ceramics integrated along with electrolyte of PVC-PEMA made up polymeric gel composite
	DSC-TGA-FTIR-SEM
	Improved ionic conductivity

Enhanced thermal stability

Enhanced Li+ ion transference number

Better interfacial properties with metallic lithium anode

Improved electrochemical performance
	[116]



	Nanocrystalline carbon coated LiFePO4 cathode material
	TG—DSC-FESEM -TEM—XRD—Raman Spectroscopy—FTIR—Moss-Bauer spectroscopy
	Good cyclic performance and rate capability

High power and high energy densities

Excellent initial discharge capacity
	[118]



	LiCoPO4 nanoparticles for Li-ion battery cathode material
	TGA-XRD-FESEM
	Enhanced electrochemical performance

Increased initial discharge capacity.
	[121]



	Carbon Nano Fibers (CNFs) coated with LiFePO4 particles
	TG-DTA-Raman-XRD, SEM, XPS
	Enhanced electrochemical performance

Higher specific capacity
	[122]



	CoFe2O4 nanoparticles from waste Li-ion batteries
	TGA-DSC-DTA-CV-EIS-XRD-SEM-FTIR
	Enhanced electrochemical properties

Higher capacitance

Thermally stable
	[108]



	Nanosized anode of Co3O4 recycled from spent LIBs
	TGA/DTA-XRD-SEM
	760.9 mA h g−1 of capacity to discharge capacity

99.7% of efficiency towards Coulomb

Outstanding cycling performance

442.3 mA h g−1 of capacity to reverse reaction
	[109]



	Nanostructured, porous and flexible Co3O4 electrodes for LIB anode
	DSC-TGA-XRD-SEM-TEM
	High energy density

High specific capacity

Large surface area as well as reduced distances for ionic and charge transport
	[123]



	Nanoparticles of iron lithium phosphate coated with carbon (LiFePO4/C)
	TGA-DTA-DSC-XRD-FESEM-TEM-CV-Raman
	Improved electronic conductivity

Increase in rate capability.

High discharge capacity
	[124]



	LiMn0.5Ni0.5O2 (layered)

LiMn0.4Ni0.4Co0.2O2 (layered)

LiMn0.33Ni0.33Co0.33O2 (layered)

Spinel LiMn1.5Ni0.5O4

as cutting-edge LIB cathode
	TGA-ARC-TGA-XRD-MS-Raman-FTIR-ICP
	Excellent electrochemical performance

Enhanced energy density and cycle life

Thermal stability and weight loss

cathode stability maintained after numerous recharge cycles
	[119]
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Mineral

	
Material Name

	
Method

	
Application

	
Reference






	
Iron

	
Iron hydrophosphate composites

	
Hydrothermal treatment

	
Removal of organic dyes

	
[228]




	
Zero-valent iron/carbon (ZVI/C)

	
Carbothermic and ball milling

	
Removal of Ibuprofen

	
[229]




	
Magnetic material Mm@SiO2

	
Alkaline leaching

	
Removal of heavy metal pollutants

	
[230]




	
Zero-valent iron-supported graphite composite

	
Acid treatment and carbothermal reduction

	
4-chlorophenol

	
[231]




	
CoFe (cobalt ferrous) nanoparticles

	
Reduction at 800 °C

	
Cathode for Zn-air batteries

	
[232]




	
Co-doped SPIONs

	
Acid and peroxide treatment, Precipitation

	
Removal of pharmaceuticals, dyes and organics

	
[233]




	
Nickel

	
Nickel and cobalt oxides

	
Chemical precipitation and microwave heating

	
Electrical performance

	
[235]




	
Nickel nanoparticles

	
Leaching and reduction (hydrazine monohydrate & NaoH)

	
-

	
[236]




	
NiO nanomaterials

	
Hydrometallurgy and precipitation

	
Removal of methylene blue and organics

	
[237]




	
Nickel nano sulfide

	
Hydrometallurgy and thermal treatment in the presence of xanthates

	
-

	
[234]




	
NiCo2O4 nanosphere

	
Hydrometallurgy and sol–gel methods

	
Anode material

	
[238]




	
CoNi-MOF composites

	
Hydrothermal and sulfidation

	
Anode material

	
[239]




	
Copper

	
Graphene oxide-copper composites

	
Calcination and adsorption

	
Photodegradation of methylene blue dye

	
[242]




	
Bimetallic Cu and Co nanoparticles

	
Acid leaching and reduction

	
Hexavalent chromium removal

	
[243]




	
CuO nanoparticles

	
Fabrication

	
CuO anode for sodium ion full cells

	
[244]




	
Nano copper

	
Reduction

	
Value added product

	
[245]




	
Copper-cobalt composite

	
Deposition fabrication

	
Catalyzing electrochemical reduction

	
[246]




	
Aluminum

	
Al-doped LiNi1/3-xCo1/3Mn1/3AlxO2

	
Sol–gel and calcination method

	
Cathode material

	
[248]




	
Trivalent iron and aluminum

	
Acid leaching and phosphate hydroxide precipitation

	
-

	
[249]




	
Al(PO3)3

	
Precipitation and phytate complexation

	
-

	
[250]




	
Cobalt

	
Nano-Co3O4

	
Hydrometallurgical process

	
Anode material

	
[206]




	
Cobalt ferrite (CoFe2O4) magnetic material

	
Sol–gel and sintering

	
Automotive sensors

	
[254]




	
Spinel-type cobalt ferrite

	
Co-precipitation method

	
Methyl blue removal

	
[255]




	
Co2O3 nanostructures

	
Magnetic electrodeposition

	
Electrode material

	
[256]




	
Core-shell Co3O4 nanoshells

	
Hydrometallurgy and precipitation

	
Methyl blue & organics decomposition

	
[237]




	
Nano-Co3O4

	
Sol–gel method

	
Anode material

	
[257]




	
Bimetallic cobalt and copper nanoparticle

	
Acid leaching, reduction, and thermal treatment

	
Cr(VI) removal

	
[243]




	
Co3O4 photocatalyst nanoparticle

	
Leaching and precipitation

	
Methyl blue removal

	
[258]




	
Cobalt ferrite nanoparticles (CoFe2O4 NPs)

	
Co-precipitation

	
Photo/sono- catalytic degradation of the Congo red dye

	
[259]




	
Nanosized cobalt species

	
Mechanochemical reaction

	
Value added material

	
[260]




	
Nano Co3S4 powder

	
Selective extraction and ammonium precipitation

	
Electrical conductivity

	
[261]




	
Nanoporous carbon/cobalt (NPC@Co) composites

	
Leaching, precipitation, and nitrogen exposure

	
Supercapacitor application

	
[262]




	
Co2O3

	
Subcritical water-assisted leaching and calcination

	
Industrial application

	
[263]




	
Ni-Co-Mn oxides

	
Mechanochemical process

	
Electrocatalyst

	
[264]




	
Manganese

	
Nano-sealed MnO2 particles

	
Reductive leaching

	
Photocatalytic degradation of dyes

	
[267]




	
Polymetallic (Cu, Co, Ni, & Mn) nanoparticle

	
Acid extraction and reduction

	
Removal of reactive blue 4 dye

	
[269]




	
MnO2 nanocolloids

	
Laser ablation technique

	
Antimicrobial agents and electrical properties

	
[270]




	
AG@MnO2 nanomaterial

	
Ball milling

	
Treating wastewater

	
[271]




	
Manganese nano-flakes

	
Vacuum reduction, gasification-condensation technology

	
Value added material

	
[272]




	
MnO2/Fe(0) nanocomposites

	
Hydrothermal method

	
Sulfadiazine degradation

	
[273]




	
Transition metal-doped MnO2 nanorods

	
Advanced oxidation

	
Catalyst

	
[260]




	
Lithium

	
Co3O4/LiCoO2 particles

	
Green leaching through citric acid

	
Photocatalyst

	
[276]




	
Li and Fe particles

	
Mechanochemical approach using oxalic acid and ball milling

	
Product

	
[277]




	
LiFePO4/C/FeS composites

	
Ball milling

	
Anode for battery with Ni-Fe

	
[278]




	
Composite of RGO/LiFePO4

	
Hummer’s reduction and hydrothermal method

	
Li-ion batteries

	
[279]




	
Nanosized LiNi0.6Co0.2Mn0.2O2 coated with overlithiated oxide

	
Precipitation and thermal processing

	
Value added product

	
[280]




	
Lithioporite (Li0.32Al0.68MnO2(OH)2/orange peel nanoporous carbon composite)

	
Leaching, co-precipitation, and thermal processing

	
Cathode material

	
[281]




	
Lithium hydroxide nanoparticle

	
Two-step precipitation

	
Oxygen evolution reaction in water splitting

	
[283]




	
Graphite

	
Single-walled carbon nanotube

	
Thermal and acidic treatment

	
Li+ coin cells

	
[284]




	
Graphene nanomaterial

	
Sonication-assisted liquid phase exfoliation method

	
Product

	
[287]




	
Polymer-graphite nanocomposites thin films

	
Intercalation technique

	
Product

	
[286]




	
Mesocarbon microbead-supported magnesium hydroxide nanoparticles

	
Graphite separation and magnesium oxide treatment

	
Phosphate adsorbent

	
[287]




	
Reduced graphene oxides

	
Hummer’s method

	
Supercapacitance

	
[288]




	
Nano-structured LiFePO4/graphene composites

	
Closed-loop synthesis

	
Electrical applications

	
[279]




	
Nano regenerative graphene oxide-NiS2

	
Two-step hydrothermal method

	
Super capacitance

	
[289]




	
Graphene-oxide nanomaterial

	
Hummer’s method

	
Removal of lead contamination

	
[290]




	
Nano-Sn/G@C (nano-Sn/Graphite@Carbon) composite

	
Roasting and carbothermal reduction

	
Anode material

	
[293]




	
Co3O4/rGO

	
Lixivation and oxidation

	
Catalytic activity

	
[294]




	
Reduced graphene oxide doped with boron (RGO-Bi2WO6) nanocomposites

	
Hummer’s method

	
Photocatalytic degradation of antibiotics in water

	
[291]
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