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ABSTRACT: One promising electrochemical energy storage technology to address the growing energy needs is the lithium-ion battery. The quest for novel electrode materials for lithium-ion batteries (LIBs) has proven to be a significant means of meeting the constant needs for increased life cycle, enhanced safety and higher energy/power densities. To address the challenges facing the electronics and automotive industries in near future, developing high energy density electrodes for LIBs is crucial. Because of their special qualities, metal oxides in their different nanostructures have been thoroughly investigated as electrode materials for LIBs. Because of their advantageous electrochemical characteristics, nanostructured metal oxides are believed to be a suitable anode material for high-performance LIBs. Transition metal oxides are excellent candidates for LIB anodes due to their high theoretical capacities based on conversion processes. The development of nanostructured transition metal oxides based on conversion reactions for use in lithium ion battery anodes has made significant strides recently, which are summarized in this article. The review covers oxide materials frequently used in LIBs such as oxides of various transition metals viz. iron, manganese, cobalt, molybdenum, zinc, vanadium and tin. 
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1. INTRODUCTION
 One of the most promising power storage technologies available today is the lithium ion battery (LIB). Since their introduction in 1991, lithium-ion batteries (LIBs) have mostly been developed as a form of power for portable electronic devices, particularly mobile phones and laptop computers. The range of applications for LIBs is currently being extended to include large-scale power sources and energy storage technologies, including electric vehicles and renewable energy systems. Therefore, LIBs play a significant role in the modern world [1]. For their ground breaking work in advancing creation of LIBs, the tiny energy systems we rely on to power our mobile gadgets, Drs. Akira Yoshino, M. Stanley Whittingham and John B. Good enough shared the 2019 Nobel Prize in Chemistry. By enabling creation of long range electric vehicles and the effective storage of energy from renewable sources [2], these small, light weight rechargeable power packs have driven the boom in mobile devices and are already paying off in terms of the environment [3]. Dr. Yoshino created and patented the first lithium-ion battery. Throughout his career; he had obtained more than 60 patents related to lithium-ion battery technology [4]. Due to the environment and energy concerns, interest in electric vehicles (EVs) and hybrid electric vehicles (HEVs) has increased significantly [5]. The battery is one of the primary challenges that needs to be solved for sophisticated cars to become more widely used. Lithium-ion batteries were first proposed as a basic remedy for the aforementioned pressing problem. We succeeded in proving, before others,that those potentialities did, in fact, exist and could be realised through a series of comprehensive theoretical investigations and numerous experimental demonstrations. 

Similar to the other forms of electrochemical cells, LIBs include anodic and cathodic electrodes, where lithium ions are intercalated and deintercalated, respectively, during the charging and discharging processes. Innovation in electrode technology leads to increased lithium ion battery capacity. The high surface area, short diffusion distance and strong electrical and ionic conductivity of carbon, metal/semiconductor, metal oxide and metal phosphides/nitrides/sulfides based nanomaterials enhance LIBs' performance. Due to their significant mass transport benefits, nanostructured materials are the area of Li-ion battery research that is expanding quickly [6]. Anode nanomaterials, such as those based on transition metals as their oxides, are categorized according to the kind of transition metal or semiconductor and are covered in this overview. Also thoroughly detailed are various electrochemical processes, the relative effects of anode materials on LIBs and their advantages.

2. LITHIUM ION BATTERIES (LIBs)
The four Components that constitute a Li-ion Battery include the cathode, the Separator, an electrolyte and the anode (Figure 1). The components have been described as under:
2.1 Cathode
Li-ion battery's voltage and capacity are determined by its cathode. The lithium in a LIB undergoes chemical processes to produce electricity [7]. For this reason, lithium is naturally introduced into the battery and the area where the lithium is located is known as the cathode. Lithium oxide is utilized for cathodes because lithium in its elemental form, which consists of lithium and oxygen, is unstable. The term "active material" refers to a substance like lithium oxide that blocks the electrode reaction of the actual battery. In other words, lithium oxide serves as the active component in the cathode of a LIB. For the batteries, there are numerous cathode materials available. LiCoO2, LiMn2O4 and LiFePO4 are some of the common cathode materials used [8]. Depending upon their respective values, their electronic conductivity is 10-4, 10-6 and 10-9 S cm-1. When the cathode is closely examined, this is found that the thin aluminum foil used to support the cathode's frame has been coated with a mixture of active material, conductive additive and a binder. Lithium ions are included in the active material, which also has a conductive additive to improve conductivity [9]. The binder serves as an adhesive, assisting the conductive additive and active material in adhering firmly to the aluminum substrate. The cathode is crucial in establishing parameters of the battery since the cathode's active material type affects battery's capacity and voltage [10].
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Fig. 1. Construction of a LIB
2.2. Separator
The term separator refers to the absolute barrier that exists between the cathode and the anode. While the cathode and anode of a battery determine its basic performance, the electrolyte and separator determine its safety. The separator acts as a physical barrier between the electrodes. It blocks a straight electron passage and allows only ions to pass through the interior tiny hole. As a result, it must meet all of the physical and electrochemical requirements [11]. Today's commercialized separators are made of synthetic resins such as polyethylene (PE) and polypropylene (PP) and other organic polymers. This is due to their appealing mechanical strength and electrochemical stability. Polymer separator wettability is low because of their non-polar characteristics. Low melting and glass transition temperatures of the polymer also contribute to poor thermal shrinkage. Inorganic particle based separator can be used well. Because of the small ceramic particles, inorganic particle-based separators operate well at high temperatures with excellent wettability and a large surface area.

Since the separator separates the anode and cathode directly, it is regarded as a crucial safety element of the battery. The organic separator becomes unstable above 120 °C or higher, which is one of the problems with using lithium ion batteries in high-temperature environments.  
 
It is commonly recognized that physical contact between the electrodes of a lithium ion battery can result from the separator shrinking or melting, which can cause a short circuit [12]. This would produce heat and lead to major safety issues in addition to causing the cell to collapse. Cracks are easily caused by it during winding and assembling cells. The cell will fail as a result of the fractures, creating direct contact between the electrodes. 

Composite separators including ceramic particles and polymers are being developed as a solution to the mentioned issues again with inorganic particle-based separators. These separators are intended to increase strength and flexibility of the batteries.

2.3. Electrolyte 
Only ions can travel in an electrolyte. It was said when discussing cathode and anode that lithium ions pass through an electrolyte and electrons travel across wire. It is essential for strong electric current flow in a battery. If ions pass through the electrolyte, one will not be able to use power and hence the safety will be threatened. The electrolyte is the component that fulfils this critical role. It acts as a conduit for just lithium ions to flow between the cathode and anode. Materials with strong ionic conductivity are mostly used for the electrolyte, allowing lithium ions to travel back and forth readily [13]. Traditionally, an organic solvent was mixed in a lithium salt to create electrolytes, which move lithium ions from a cathode to the anode. These materials are prone to explosion when heated because they are combustible, possess low viscosity and are highly volatile. Scholars are investigating multiple approaches to develop nonflammable, safer alternatives. Additives that cover anodes are now used in some electrolytes to stop possible explosions. Furthermore, more affordable, safer and battery-safe aqueous electrolyte solutions are finally on the horizon. Solid electrolytes usually composed of polymers, ceramics or sulfides, have gained popularity recently among those working on solid-state battery technology. Salts, solvents and additives make up the electrolyte. Lithium ions can move through the salts, which are dissolved by the solvents. Trace amounts of the additives are added for specific purposes.

This kind of electrolyte does not permit electrons to pass across; it only enables ions to reach the electrodes. Furthermore, the pace at which lithium ions flow is affected by the type of electrolyte used. As a result, only electrolytes that meet severe requirements can be used.
2.4. Anode 
An anode is a device that transmits electrons through a connecting wire. The anode substrate, like the cathode, is covered with active material [14]. The active material of the anode allows electric current to flow through the external circuit while also allowing reversible absorption/emission of lithium ions produced from a cathode. When battery is charged, the lithium ions are stored in an anode rather than the cathode.
Lithium ions naturally flow back to the cathode via the electrolyte when the conducting wire connects the cathode to the anode (discharge state), and the electrons (e-) that are separated from the lithium ions move along the wire to create electricity [15]. Stable graphite is used for the anode, and the anode substrate is coated with an active substance, a conductive additive, and a binder just like the cathode. Graphite is regarded excellent for anode use due to its optimal properties such as structural stability, low electrochemical reactivity, conditions for storing a large amount of lithium ions and inexpensive price. However, the hunt for superior anode materials has drawn more attention in recent years [16]. One method involves substituting silicon, which has a far higher energy density, for a portion of the graphite. Researchers have had to figure out how to control silicon's tendency to swell dramatically as it charges. Additionally, attempts are being undertaken to use lithium metal more safely. It had been found later that the metal oxides play a significant role as anode materials in LIBs owing to their diverse structures, high specific capacities and potential for high energy density.

2.4.1 Metal Oxide Nanomaterial’s Used in LIBs
An essential component of Li-ion batteries is anode material. Because graphite has a low theoretical specific capacity of 372 mA h g-1, the existing anode materials mostly based on it impede the development of LIBs. Metal oxides are one of the newly created anode materials that have garnered a lot of interest recently because of their inexpensive, environmentally friendly and high theoretical specific capacity. Also, the metal oxides have significant volume variations during cycling and low electrical conductivity. Research is focused on nano sizing because it can address these drawbacks and preserve the benefits of metal oxide-based anode materials. This study focuses on the performance optimization and microstructure design of the metal oxides and their composites, especially a particular focus on recent developments in the field of nanostructured metal oxides as anode materials. 

 Metal oxide nanoparticles are of tremendous interest in the field of LIBs pertaining to their unique features that can considerably increase battery performance. When developed and fabricated at the nano scale, these materials provide advantages such as increased capacity, higher cycling stability and faster charge/discharge rates. Here are some common metal oxide nanoparticles found in Li-ion batteries:

Nanostructured Metal Oxides
a) Tin oxide (SnO2) nanostructures
Idato et al. from Fuji Photo Film made the initial discovery and application of tin oxide materials in LIBs in 1997. With a high theoretical specific capacity of around 790 mA h g-1, tin dioxide (SnO2) has been considered as a viable negative electrode material for LIBs. The capacity is significantly greater than the graphite based anode having a capacity of just 370 mA h g-1 [17]. Both reversible and irreversible processes take place here; the irreversible process results in a significant loss of capacity, which is visible at the SnO2 electrode, while the reversible process is accompanied by a significant volume change of more than 200%. This would cause the electrode material to undergo extreme internal stress, which would eventually cause it to disintegrate, lose electric contact and cause rapid capacity fading after prolonged cycling [18]. These two significant shortcomings of SnO2-based anodes prevent their widespread use. 

Special nanostructured SnO2, including 1D nano rods, 1D nano wire and 1D nano tube as well as 2D nano sheets and 3D hollow or porous nanostructures, is one of the efficient methods [19]. Low-dimensional nanostructures, such 1D or 2D ones, may be better equipped to tolerate the significant volume change that occurs during the charge-discharge process [20]. Tin oxide nanoparticles have a high potential lithium-ion storage capacity. They do, however, endure large volume fluctuations during cycling, which can result in electrode damage.  This problem is mitigated via nanostructuring. Since the nanowire structure is of particular importance and has the potential to have unique electrical and structural properties, SnO2 nano wires can also be recommended as a promising anode material. 
Moreover, a thermal evaporation process makes it simple to create the nano wires.

Tin dioxide (SnO2) nanostructures have garnered significant interest from researchers as potential anode materials for LIBs because of their unique features and advantages. As illustrated in figure 2, SnO2 nanostructures exhibit several key benefits when utilized as anode materials in Li-ion batteries.

One of the primary advantages of SnO2 nanostructures is their high lithium storage capacity. SnO2 anodes possess a high theoretical specific capacity of approximately 782 mA h g-1, which can significantly enhance the energy density of batteries. This increased capacity is crucial for developing batteries with longer life spans and greater efficiency.

Furthermore, tin is an abundant and relatively inexpensive material, making SnO2 a viable candidate for large-scale battery production. The cost-effectiveness of SnO2, combined with its availability, positions it as a practical choice for widespread battery manufacturing.

Another notable benefit of SnO2 nanostructures is their high rate capability, which allows for rapid charging and discharging of batteries. This high rate capability is particularly advantageous for applications requiring quick energy replenishment. Additionally, SnO2 nanostructures can exhibit good cyclability. Although SnO2 can undergo volume expansion during lithiation, well-designed nanostructures can mitigate this effect and provide long-term stability.

SnO2 nanostructures come in various forms, each offering distinct advantages. SnO2 nanoparticles are small particles within the nanometer size range. These nanoparticles can be used alone or combined with other materials, such as carbon coatings, to enhance conductivity. SnO2 nanowires and nanorods, which are one-dimensional nanostructures, improve electrode performance by providing efficient pathways for lithium ions and electrons. SnO2 nanosheets and nanoplates, as two-dimensional nanostructures, offer a large surface area, thereby increasing the lithium ion storage capacity.

Doping and surface modifications further enhance the performance of SnO2 nanostructures. Doping SnO2 with elements such as carbon, nitrogen, or other compounds can improve its electrical conductivity and reduce volume fluctuations during cycling. Surface modifications, such as applying conductive carbon coatings or other conductive additives, can also enhance the electrode's electrical conductivity.

The electrochemical performance of SnO2 anodes is frequently reported as a promising contender for next-generation high-performance LIBs. Regardless of the high specific capacities achievable with SnO2 anodes, they may experience significant volume expansion during lithiation, leading to mechanical stress and capacity fade over time. The development of nanostructured SnO2 materials can help accommodate this volume expansion and improve overall performance.

SnO2 nanostructures are suitable for various Li-ion battery applications, including consumer electronics, electric vehicles (EVs), and grid energy storage systems. These applications demand high energy density, fast charging, and good cycle life. However, managing volume expansion and maintaining structural stability during cycling remain significant challenges for SnO2-based anodes. Current research efforts focus on developing advanced nanocomposites and alloying with other materials to enhance performance and address these challenges.

SnO2 nanostructures hold great promise as anode materials for LIBs ascribed to their high lithium storage capacity, cost effectiveness and potential for high-rate performance. Continued research and development in optimizing SnO2 nanostructures and addressing their challenges will be crucial for advancing the performance and commercial viability of Li-ion batteries.

b) Titanium dioxide (TiO2) nanomaterials
Titanium dioxide nano particles have a high safety profile and a long cycle life. Nano structured TiO2 materials can improve lithium-ion diffusion, making them appropriate for applications where safety is critical. TiO2 is an inexpensive and non-toxic anode material with strong application prospects for LIBs. Unfortunately, on account of inadequate electrochemical performance caused by its weak electrical conductivity, its large-scale application is limited [22]. TiO2 can efficiently avoid lithium dendrites because of its relatively high lithium insertion/extraction voltage of around 1.7 V when compared to graphite. Secondly, TiO2 experiences a substantially smaller volume expansion (< 4%) during charge and discharge than graphite (10%). Nonetheless, theoretical capacity of TiO2 (335 mA h g-1) is comparable to that of graphite (372 mA h g-1). Because of its superior safety, TiO2 is one of the compounds that could eventually replace graphite. Titanium dioxide exists in different polymorphs, with the most studied ones being anatase, rutile, and brookite. Each polymorph has unique properties that influence its electrochemical performance, such as lithium insertion/extraction kinetics and cycling stability [23].

Titanium dioxide (TiO2) nanostructures have received a lot of attention in recent years as prospective anode materials for lithium-ion batteries due to their unique features and advantages. 
Titanium dioxide (TiO2) nanostructures have garnered significant attention as an auspicious materials for anode applications in LIBs owing to their unique combination of properties, including safety, stability, and electrochemical performance. This review provides a comprehensive exploration of TiO2 nanostructures, discussing their advantages, types, electrochemical behavior, challenges, applications, and ongoing research efforts aimed at enhancing their performance. TiO2 offers several advantages over graphite, particularly in terms of safety and stability. One of the primary concerns with graphite anodes is their propensity to form lithium dendrites during charge-discharge cycles, which can lead to short circuits and thermal runaway. TiO2 mitigates this risk due to its higher lithium insertion/extraction voltage (~1.7 V vs. Li/Li+), which suppresses dendrite formation and enhances the battery's safety profile. Additionally, TiO2 undergoes minimal volume expansion (~4%) during lithiation compared to graphite (~10%), reducing mechanical stress on the electrode and thereby improving cycle stability and longevity.

i) Advantages of TiO2 nanostructures

TiO2 nanostructures exhibit several inherent advantages that make them attractive for LIB applications:

Safety and Stability: TiO2 is chemically stable and non-toxic, making it inherently safer than many other potential anode materials. Its stability reduces the risk of thermal runaway and enhances the overall safety of LIBs, crucial for applications in EVs and grid storage systems.

Cyclic Stability: TiO2 demonstrates excellent cyclic stability, showing minimal capacity fading over numerous charge-discharge cycles. This characteristic is attributed to its robust structural integrity and minimal volume changes during lithiation and delithiation processes.

Low Volume Expansion: The minimal volume expansion of TiO2 during cycling reduces mechanical stress on the electrode, mitigating issues like particle cracking and electrode degradation. This property contributes significantly to the long-term performance and reliability of LIBs employing TiO2 as an anode material [24].

Abundance and Cost-effectiveness: Titanium is abundant in the Earth's crust, and TiO2 is relatively inexpensive compared to other high-performance anode materials like silicon or germanium. This cost-effectiveness positions TiO2 favorably for large-scale manufacturing of LIBs.

ii) Types of TiO2 nanostructures

TiO2 exists in various nanostructured forms, each offering unique advantages for LIB applications:

TiO2 nanotubes: These hollow nanostructures provide a high surface area for lithium ion diffusion, enhancing the overall electrode performance. TiO2 nanotubes are typically synthesized through hydrothermal or anodization methods, allowing precise control over their dimensions and properties.

TiO2 nanowires/nanorods: One-dimensional nanostructures viz. nanowires or nanorods facilitate efficient pathways for electron transport and lithium ion diffusion. These structures improve the electrode's rate capability and charge-discharge efficiency, critical for applications requiring fast charging and high power density.

TiO2 Nanoparticles: Although exhibiting lower specific capacity compared to nanostructured tubes or rods, TiO2 nanoparticles are valuable for applications where their unique properties, such as enhanced stability and safety, can be leveraged effectively. Surface modifications and composite formulations can further enhance their performance in specific battery designs [25].

iii) Electrochemical performance of TiO2 nanostructures 

The electrochemical behavior of TiO2 nanostructures is influenced by factors such as crystal structure, surface area, morphology, and particle size distribution. Anatase and rutile are the two most studied polymorphs of TiO2, each offering distinct advantages in terms of lithium ion insertion kinetics and cycling stability [10]. Anatase TiO2, for example, exhibits faster lithium ion diffusion rates but may suffer from lower long-term stability compared to rutile TiO2. During the lithiation process, TiO2 undergoes reversible lithium insertion, accompanied by minimal volume expansion. This characteristic helps maintain electrode integrity and prolong cycle life. However, the intrinsic poor electronic conductivity of TiO2 remains a challenge, limiting its rate capability and overall electrochemical performance.

iv) Applications

TiO2 nanostructures are ideal for applications requiring high safety and long cycle life, such as electric vehicles (EVs) and grid storage systems. Titanium oxide nanoparticles can also be employed as additives in LIB electrolytes to ameliorate their conductivity and stability. Surface-modified titanium oxide nanoparticles can adsorb onto electrode surfaces and form a protective layer, preventing side reactions and improving the overall performance of the battery.

They can also be used in wearable gadgets, medical devices and other electronic products where safety and dependability are critical.

v) Challenges

Low Lithium-ion diffusion kinetics: Despite its nanoscale dimensions, titanium oxide faces limitations in lithium-ion diffusion kinetics due to its intrinsic properties. The diffusion of lithium ions within the nanostructured titanium oxide particles can be hindered by factors such as surface defects, crystalline structure and particle size distribution. This limitation may lead to poor rate capability and reduced battery performance, especially during high current charging and discharging.

Volume expansion and mechanical stress: Nano titanium oxide, like its bulk counterpart, undergoes significant volume expansion and contraction during lithiation and delithiation processes. This volume change can induce mechanical stress within the electrode, leading to particle aggregation, electrode cracking and loss of electrical contact. These mechanical instabilities can severely affect the electrode's structural integrity and cycling stability over repeated charge-discharge cycles.

Limited specific capacity: While nanostructuring can enhance the surface area and facilitate lithium-ion diffusion, the inherent low specific capacity of titanium oxide remains a challenge. Nano titanium oxide typically exhibits a lower theoretical specific capacity compared to other anode materials such as graphite or silicon. This limitation may restrict the energy density achievable in LIBs employing nano titanium oxide as the anode material.

Electrical conductivity: Despite being nanostructured, titanium oxide still possesses low electrical conductivity, which can impede electron transport within the electrode. Poor electron conductivity results in high internal resistance, voltage polarization and inefficient charge transfer kinetics during battery operation. 

To overcome these challenges, researchers are actively exploring strategies such as surface modifications, doping, nanocomposite design and electrolyte engineering to enhance the electrochemical performance, mechanical robustness and stability of nano titanium oxide-based anodes in lithium-ion batteries. By addressing these challenges, nano titanium oxide holds promise for improving performance and efficiency of future generation LIB technologies.

vi) Doping and surface modifications

Doping and surface modifications of nano titanium oxide for lithium-ion batteries are critical strategies to enhance their performance. 
Doping: Doping involves introducing foreign atoms into the lattice structure of titanium oxide nanoparticles to alter its properties. Common dopants include transition metals like Fe, Co, Ni or the non-metals like N, F or S. Doping can improve the electrical conductivity, lithium-ion diffusion kinetics and structural stability of titanium oxide. For instance, nitrogen doping can introduce defects into the titanium oxide lattice, facilitating lithium-ion diffusion and improving battery performance.

Surface modifications: Surface modifications aim to enhance an electrode-electrolyte interface, which is crucial for lithium-ion battery performance. Surface modifications can involve coating the nano titanium oxide particles with conductive materials like carbon or graphene to improve electrical conductivity and prevent particle aggregation. Surface coatings can also act as barriers to inhibit side reactions between the electrode and electrolyte, thus enhancing the battery's cyclability and stability.

Combining doping and surface modifications can synergistically improve the electrochemical performance of nano titanium oxide electrodes in LIBs. These strategies can lead to higher capacity, faster charge-discharge rates, improved cycling stability and better safety characteristics. However, the selection of dopants and surface modification techniques should be carefully optimized to achieve the desired improvements without sacrificing other key properties of the electrode material.

c)  Iron Oxide (Fe2O3 or Fe3O4) nanomaterials
 Iron oxide nanoparticles have a large potential storage capacity for LIBs. These nanostructures can increase electrochemical performance; however, there are still issues with volume growth and stability. Because of their great capacity, wide availability, strong stability and resistance to environmental changes, iron oxides appear to be a promising replacement for the graphite anodes [27]. However, a number of obstacles, including low coulombic efficiency, high volume changes, poor cycling performance and poorer electronic/ionic conductivity, impede their commercial expansion. An innovative substitute for the conventional carbon anodes are Fe3O4 anodes. Fe3O4 has a high theoretical specific capacity of 926 mA h g-1, is safe, has excellent conductivity, is readily available, affordable and environmentally friendly [28]. Nevertheless, it is hampered by the substantial specific volume changes that occur in the host matrix during various cycle phases. These changes have the potential to cause electrode pulverization and rapid capacity decline. The first cycle irreversibility, which had previously been carried out in the discharged state and limits the ways in which LIBs can be produced, is another possible problem [29].
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Fig. 2. An overview of SnO2 nanostructures as anode materials
i) Types of iron oxide nanostructures
Fe2O3 (Hematite) nanostructures: Nanostructures based on hematite, such as nanoparticles, nanowires and Nano sheets, have been investigated for Li-ion battery applications.

Fe3O4 (Magnetite) nanostructures: Magnetite-based nanostructures, such as nanoparticles and nanowires, have also been investigated as anode materials [30].

ii) Applications

Nano iron oxide (Fe3O4) has shown promising potential in an anode in LIBs due to its unique properties. 

High theoretical capacity: Iron oxide has a high theoretical capacity of 924 mA h g-1, much larger than conventional graphite anodes (~372 mA h g-1). This means that more lithium ions can be stored per unit mass, leading to higher energy density batteries [30].

Nanostructured morphology: The nano size of iron oxide particles allows for shorter diffusion paths for lithium ions, leading to faster charging and discharging rates. This enhances the battery's power density, making it suitable for high-performance applications [31].

Abundant and low-cost: Iron is one of the most abundant elements on Earth, which makes iron oxide a cost-effective and sustainable choice for battery production compared to other exotic materials [32].

iii) Challenges
Iron oxide-based anodes have substantial hurdles in terms of volume expansion and structural stability during cycling. Iron oxide materials' electrochemical performance is being improved through sophisticated synthesis processes, nano engineering and alloying with other materials.


Due to their large theoretical capacity and low cost, iron oxide-based nanostructures offer significant prospects as anode materials for Li-ion batteries.

iv) Doping and surface modifications
· Iron oxide nanostructures can be improved by doping with other components such as carbon, nitrogen or other metals.

· Surface modifications, such as the inclusion of carbon coatings or the application of conductive additives, can improve electrical conductivity of the electrode while also mitigating volume variations during cycling [33].

v) Electrochemical performance
· Although iron oxide-based anodes have high specific capacities, they frequently experience significant volume expansion during lithiation and delithiation, which cause mechanical stress and capacity can decline.

· Nanostructured materials and suitable design can help to alleviate these difficulties while also increasing cycle life and rate capabilities.

d) Nanostructured vanadium oxide (V2O5)


Vanadium pentaoxide nanowires have demonstrated potential as anode materials, with high capacity and rate performance. Their electrochemical characteristics are improved via nano structuring [34]. Nanostructured vanadium oxide (V2O5) [35] has indeed been explored as a potential anode material for LIBs. The use of these nanostructured materials offers several advantages, such as increased surface area, improved electronic conductivity and enhanced lithium-ion diffusion kinetics. These factors can contribute to better electrochemical performance [36]. Vanadium oxide can undergo reversible lithium-ion insertion and extraction during the charge-discharge cycles, making it suitable for use as an anode material. The nanostructuring of vanadium oxide can be achieved through various methods like sol-gel processes, hydrothermal synthesis or other methodologies that allow control over particle size and morphology [37].

i) Types of vanadium pentaoxide nanostructures

· V2O5 nanorods and nanowires: These structures offer high surface area, short diffusion paths for lithium ions, and enhanced electronic conductivity. They also provide good mechanical stability, which helps in maintaining structural integrity during cycling.

· V2O5 nanotubes: Nanotubes have a hollow structure that can adjust the volume changes during lithium insertion and extraction, thereby improving cycling stability and preventing pulverization.

· V2O5 nanoparticles: Nanoparticles provide a large surface area, increasing the electrode-electrolyte contact area and increasing the kinetics of lithium-ion intercalation/de-intercalation.

· V2O5 nanosheets and nanobelts: These two-dimensional structures enhance electronic and ionic conductivity and provide structural stability. They can also shorten lithium diffusion paths and improve rate capabilities.

ii) Advantages


Nano V2O5 anodes contribute to high energy density in LIBs, which is crucial for use in EVs and portable electronics. Fast charge-discharge capabilities are essential for applications requiring rapid energy delivery, such as power tools and emergency backup systems. Enhanced cycling stability is important for applications demanding long battery life, such as grid storage and long-term portable electronics. Structural and mechanical stability are essential for longevity and safety of the batteries used in consumer electronics and medical devices.

iii) Challenges


V2O5 has inherently low electrical conductivity, which can hinder its performance as an anode material. This limits the rate at which lithium ions can be inserted and extracted, reducing the overall charge-discharge rates and efficiency of the battery. The formation of an SEI layer on the surface of V2O5 can be unstable.  An unstable solid electrolyte interface (SEI) layer can lead to continuous electrolyte decomposition, increased impedance and reduced battery performance over time. V2O5 may exhibit thermal instability at higher temperatures. This can lead to safety concerns, especially in applications where the battery is subjected to high thermal loads.

iv) Doping and surface modifications


Incorporating Ti, Fe, Mn, Co, Ni or Zn into V2O5 lattice can help in improving the following properties of LIB:

· Enhanced conductivity: Metal ions can introduce additional charge carriers or modify the electronic structure, thereby improving electrical conductivity.

· Stabilize structure: Doping can help stabilize the crystal structure, reducing the extent of volume changes during cycling and enhancing mechanical integrity.

· Improved electrochemical performance: Dopants can create more active sites for lithium ion intercalation, improving capacity and rate capability.



However, introducing a non-metal ion doping with the non-metal elements like N, S or P into V2O5 can improve conductivity by enhancing the electronic properties of V2O5. Also this can enhance Lithium ion diffusion by creating pathways that facilitate easier lithium ion diffusion, improving the rate performance.
v) Electrochemical performance


Vanadium pentaoxide (V2O5) is a highly promising anode material for LIBs due to its multiple oxidation states and layered structure alon with the required properties. But, challenges of cycling stability, rate capability, and electronic conductivity need to be addressed through various material engineering strategies to fully realize its potential in practical applications.

e) Nanostructured molybdenum oxide (MoO3 and MoO2)


Different morphologies of MoO3 and MoO2 have been created, such as nanoparticles, nanowires, nanorods, nanotubes, nanosheets and nanobelts [39]. It has been anticipated that the electrochemical performance would increase with these nanoscale fabrications. These fabrication techniques are, nevertheless, costly, time- and energy-consuming and not scalable [40]. There has been some attempt to address these restrictions by using a relatively benign method that involves using easy-to-use, environmentally friendly reducing chemicals to create nanoparticles. Green synthetic particles, particularly plant extracts, are stabilized and have a lower level of toxicity than typical synthesized particles because biological sources act as a capping and stabilizing agent for the synthetic particles [41]. Because of their unique features, molybdenum oxide nanostructures have received attention as prospective anode materials for LIBs. Presented below is an overview of molybdenum oxide-based nanostructures for the battery applications.

i) Advantages of Molybdenum Oxide Nanostructures
· High theoretical capacity: Molybdenum oxide compounds, particularly MoO2 and MoO3, have a high theoretical specific capacity, with MoO3 storing up to 670 mA h g-1. This enormous capacity has a potency to result in high-energy-density batteries [42].

· Abundance and cost-effectiveness: Molybdenum is a reasonably abundant element, therefore molybdenum oxide products are inexpensive to produce.

ii)  Types of molybdenum oxide nanostructures
· MoO2 nanostructures: Molybdenum dioxide or MoO2 is a widely researched phase for Li-ion battery applications. MoO2 nanostructures like nanoparticles, nanowires and nanosheets have been searched.

· MoO3 nanostructures: Molybdenum trioxide, or MoO3, is another phase having anode potential. MoO3 nanostructured materials have also been studied [43].

iii) Doping and surface modifications
· Doping molybdenum oxide nanostructures with sulphur, nitrogen, or other metals can improve electrical conductivity and electrochemical performance [44].

· Surface modifications, such as the application of conductive coatings or the use of conductive additives, can modify electrical conductivity of electrode and reduce volume changes during cycling [45, 46].

iv) Electrochemical performance
· Although molybdenum oxide-based anodes have high specific capacities, they may experience volume expansion during lithiation, which can cause mechanical stress and capacity decline.

· Nanostructured materials and suitable design can assist to relieve these difficulties and increase cycle life.

v) Applications
· Molybdenum oxide nanostructures are appropriate for a long range of Li-ion battery applications, including portable devices, EVs and grid energy storage, where high energy density and cost-effectiveness are critical.
vi) Challenges
· Volume expansion and structural stability are important issues for molybdenum oxide-based anodes during cycling.

· Through new synthesis processes, nano engineering and alloying with other materials, researchers are actively attempting to enhance the electrochemical performance of molybdenum oxide substances [47].


In conclusion, molybdenum oxide-based nanostructures have great promise as anode materials for LIBs owing to their significant properties.
f) Nanostructured cobalt oxide (Co3O4 and CoO)


Because of their unique electrochemical properties, cobalt oxide (Co3O4 or CoO) nanostructures have received a lot of attention as prospective anode materials for LIBs. An overview of cobalt oxide-based nanostructures in Li-ion battery applications is provided below:

i) Advantages of cobalt oxide nanostructures
· High theoretical capacity: Cobalt oxide materials have a high theoretical specific capacity, with Co3O4 holding up to 890 mA h g-1. This enormous capacity has a potency to result in high energy density batteries.

· Good rate capability: Cobalt oxide-based nanostructures frequently have high rate capabilities, enabling for rapid charging and discharging.
· Abundance of cobalt: While not as prevalent as iron, cobalt is still quite abundant, giving it a feasible option for battery manufacture [48].

ii) Types of cobalt oxide nanostructures
· Co3O4 nanostructures: Cobalt (II, III) oxide, often known as Co3O4, is a well-studied cobalt oxide phase. Co3O4 nanostructures such as nanoparticles, nanowires and nano sheets have been investigated for Li-ion battery applications.

· CoO nanostructures: Another cobalt oxide phase that has showed promise as an anode material is cobalt (II) oxide i.e. CoO. Nanostructures similar to nanoparticles and nanowires can be generated for CoO.

iii) Doping and surface modifications
· Doping cobalt oxide nanostructures with elements like nitrogen or other metals can improve their electrical conductivity and electrochemical performance [49].

iv) Electrochemical performance
· .Although cobalt oxide-based anodes can attain high specific capacities, volume fluctuations during cycling can cause capacity fading.

· Nano structuring, in conjunction with surface changes and good design, can aid in mitigating these difficulties and increasing cycle life.

v) Applications
· Cobalt oxide nanostructures are well suited for Li-ion battery applications such as portable devices, electric vehicles (EVs), and grid energy storage, where high energy density and rate capability are required [50].

vi) Challenges
· Cobalt oxide-based materials, particularly Co3O4, may suffer from structural degradation and irreversible capacity loss over repeated cycles due to the volume expansion and contraction associated with lithium-ion insertion and extraction.

· Because of ethical and supply chain concerns, reducing the usage of cobalt in battery materials is a continuing concern, prompting efforts to create alternative materials with equivalent qualities [51].


Finally, because of their large theoretical capacity and good rate capability, cobalt oxide-based nanostructures offer promising prospects as anode materials for LIBs.

g) Nanostructured manganese Oxide (MnOx)


Manganese dioxide nanowires are being investigated because of the high theoretical capacity and large-rate performance potential. Their cycling stability is improved by nano structuring. Due to their intriguing electrochemical characteristics, nanomaterials based on manganese oxide (MnOx) have received a lot of attention as prospective anode materials for lithium-ion (Li-ion) batteries. Below is a summary of MnOx nanoparticles for Li-ion battery applications:

i) Advantages of MnOx nanomaterials
· High theoretical capacity: MnOx materials have a high theoretical specific capacity, with MnO2 having a theoretical capacity of 616 mA h g-1. This enormous capacity has the potential to result in high-energy-density batteries.

· Abundance and cost: Manganese is plentiful and relatively inexpensive, making it an appealing alternative for large-scale battery manufacture.

· Variety of phases: MnOx phases with different electrochemical characteristics, such as MnO2, Mn2O3, Mn3O4 and others, allow for customizable designs based on individual application needs [52].

ii) Types of MnOx nanomaterials

· MnO2 nanomaterials: MnO2 appears in a variety of crystallographic forms, including -MnO2, and others, each having unique electrochemical properties. To improve their performance, nanoscale copies of these phases can be produced.

· MnO nanomaterials: Another interesting MnOx substance with a high specific capacity is MnO (manganese monoxide). Nanostructuring has the potential to increase its electrochemical performance.

· MnOx nanocomposites: MnOx nanoparticles can be combined with other conductive materials, such as carbon nanotubes or graphene, to improve conductivity and overall electrode performance [53].

iii) Doping and surface modifications

· MnOx materials can be benefitted by doping with elements such as nitrogen, sulphur or other metals improving their electrical conductivity and electrochemical performance.

· Surface modifications, such as carbon coatings or the application of conductive additives, can improve electrical conductivity of electrode while also mitigating during cycling, the volume changes.

iv) Electrochemical performance

· Although MnOx based anodes have high specific capacities, they frequently experience significant volume expansion during lithiation, which can cause mechanical stress and capacity decline.

· Nanostructured materials and suitable design can help to relieve these concerns while also increasing cycle life and rate capabilities.

v) Applications
· MnOx nanoparticles are appropriate for a range of Li-ion battery applications, including consumer electronics, EVs and grid energy storage systems, where high energy density, cost-effectiveness and sustainability are critical.
vi) Challenges

· Volume expansion and structural stability are important issues for MnOx-based anodes during cycling.

· The electrochemical performance of MnOx materials is being improved through better synthesis processes, nano engineering and alloying with other materials.


Finally, due to the desired properties, MnOx-based nanomaterials offer significant prospects as anode materials for LIBs. 

h) ZnO nanoparticles

Zinc oxide nanoparticles have been investigated as Li-ion battery anode materials. Because of its ability to alloy with lithium, ZnO has a high theoretical capacity (978 mA h g-1), making it an appealing alternative for anodes. ZnO electrodes, on the other hand, frequently suffer from difficulties such as significant volume expansion during lithiation and poor cycle life, which must be addressed by nanostructuring and electrode design [54].

i) Types of ZnO nanostructures

· ZnO nanowires: Nanostructured ZnO, such as ZnO nanowires, nanotubes or nanorods, can reduce volume expansion and increase cycling stability. These designs provide a large surface area for lithium-ion diffusion and give superior mechanical stability during cycle.
· ZnO/carbon composites: Combining ZnO with carbon materials like graphene or carbon nanotubes can enhance anode electrical conductivity and overall performance.
ii) Conversion reaction anode

During lithiation, ZnO can undergo a conversion reaction with lithium ions, where it is converted to metallic zinc. This conversion reaction has been studied in research settings and has a high capacity.


To increase electrode stability and performance, ZnO thin films or nanoparticles have been investigated as buffer layers or coatings in Li-ion batteries. These coatings can help protect the electrode materials from side reactions and increase the battery's overall durability.

iii) Alternative battery types


While zinc oxide is not used in LIBs, it is found in other forms of rechargeable batteries such as zinc-air batteries and zinc-ion batteries. ZnO is more important in these systems [55].


It is essential to note that a practical deployment of ZnO in Li-ion batteries involves material stability, electrode design, and cycle performance problems. 

iv) Applications


Zinc oxide (ZnO) has emerged as a promising anode material for LIBs again on account of its high theoretical capacity, environmental friendliness, natural abundance and low cost.

v) Challenges

 
ZnO undergoes significant volume changes during lithiation and delithiation, leading to mechanical stress, electrode pulverization and capacity fading.

vi) Mitigation Strategies
· Nanostructuring: Designing ZnO nanostructures (e.g., nanoparticles, nanowires) can help accommodate volume changes and improve mechanical stability.

· Composite Formation: Combining ZnO with flexible and conductive materials like graphene, carbon nanotubes, or conductive polymers can buffer volume changes and maintain structural integrity.

3. CONCLUSIONS
In conclusion, the use of transition metal oxide nanomaterials as anode materials for lithium-ion batteries (LIBs) is a topic of significant investigation and development in the field of energy storage. Metal oxide nanomaterials hold great promise to be used as anode materials in LIBs. The metal xides offer improved capacity, rate capability and cyclic stability, making them a key area of focus for advancing energy storage technologies. However, addressing challenges related to volume expansion and safety concerns is essential for their successful integration into commercial LIBs. 
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