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The global energy landscape is currently facing an unprecedented crisis. To address these difficulties, it is vital to create efficient and reliable energy storage and converting technologies. This review discusses the two important technologies; Water Splitting and Li-ion batteries for energy storage. Lithium-ion battery revolutionised convenient devices and electric motors with their higher energy-density, prolonged efficiency, and decreasing costs. Concurrently, Water splitting offers a pathway for hydrogen generation a clean fuel with high energy density, through electrolysis process. In this analysis, we will explore at the most recent breakthroughs, as well as the latest materials and catalysts, boosting the productivity and economic viability of water splitting. Electrode materials, electrolytes, and battery architectures that enhance performance and safety for Li-ion batteries are discussed. The integration of these technologies within renewable energy systems, highlighting their complementary roles in achieving carbon neutrality are also addressed in this review. We underscore the critical importance of water splitting and lithium-ion batteries in the sustainable energy landscape, through a comprehensive analysis of current research and future directions.
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1 INTRODUCTION
1.1 Brief review of the water splitting and lithium-ion batteries as two key technologies in the renewable energy and energy storage sectors
In order to rationalize the impending energy problem and ecological suffering, energy storage devices are essential (Kim et al., 2020). Lithium-ion batteries and water splitting both are essential innovations for storing energy and renewable energy. Water is split using electricity to produce hydrogen and oxygen gas through procedures including electrolysis and photo-electrochemical splitting (Bashir et al., 2021; Theerthagiri et al., 2020). This process can lead to sustainable energy solutions because the hydrogen produced is a source of renewable energy which might be utilized to power fuel cells (Zhang B. et al., 2021; Chen et al., 2022).
1.1.1 Water splitting
It’s a process of dividing water molecules using electrical energy. Also referred to as water decomposition. PEM and alkaline electrolysis both remain fundamental techniques for achieving this procedure. Whereas alkaline electrolysis uses a liquid alkaline electrolyte, PEM electrolysis uses a solid polymer electrolyte membrane solution. Water splitting happens at the anode and cathode in that order, which is driven by electric current in both processes.
Water splitting produces hydrogen, which is a storable, adaptable, and clean energy source. It may be utilised straight into fuel cells to produce power with minimal emissions and excellent efficiency. Hydrogen may also be transported and stored for use in various industries, power plants, and transportation-related uses. Water-splitting has a potential way for maintaining intermittent sustainable energy sources such as wind-solar power; it also enables grid stabilisation and decarbonisation programmes.
1.1.2 Li-ion batteries
Lithium-ion battery (LIB) technology is developing quickly, which encourages its widespread use in mobile electronics, electric vehicles (EVs), and aircraft (Yang et al., 2024).
During charge and discharge cycle, Li-ions move interchangeably across the electrode interface of theses rechargeable batteries. These batteries utilize graphite or other carbon containing substances as anodes, and Li-containing compounds such as LCO or LFP as cathodes. Typically, a nonpolar solvent is utilized to dissolve the electrochemical intermediate, which is Li-salt. The batteries are well-suited for multiple functions because of the excellent energy-density, prolonged life-span, and minimal self-discharge percentage. In a scenario of sustainable energy integration, LIBs are critical to store surplus energy from renewables during low consumption intervals so that it is likely to be used over the periods of high consumption. This stabilises the system, lowers greenhouse gas emissions, and reduces reliance on fossil fuels. Lithium ions are transferred between electrodes during charging and discharging cycles, as opposed to lithium-ion batteries, which have been widely employed in electronic devices, E-cars, and grid storage (Shchurov et al., 2021; Wen et al., 2020). Because of its high energy density, extended cycle life, and low self-discharge rates, lithium-ion batteries have played an important role in facilitating the transition to electric vehicles and the use of renewable energy sources (Shchurov et al., 2021).
Water splitting and lithium-ion batteries are two significant technologies driving the transition to sustainable energy. LIBs are practical and scalable energy storage alternatives for diverse uses, whereas water splitting provides a technique for storing sustainable energy in the form of hydrogen. Combining these technologies with sustainable power sources, such as solar-wind energy, can provide a more robust, sustainable, and decentralised energy infrastructure that meets the growing global demand for clean, predictable energy.
1.2 Significance of both technologies in tackling environmental issues and energy sustainability
A sustainable method for producing hydrogen, a clean energy source with a wide range of uses, is water splitting. Hydrogen production becomes emission-free by using renewable sources of electricity for electrolysis, like solar or wind energy. It reduces the dependence on nonrenewable sources and helps to mitigate the emission of greenhouse gases (Aravindan et al., 2023). Moreover, hydrogen has high storage and transfer efficiency, offering more options for energy transmission and storage. Water splitting thereby contributes to the decarbonization of industries including transportation, manufacturing, and power production, making the energy system more sustainable.
Together water splitting and lithium-ion batteries offer significant parts in solving energy sustainability and environmental concerns (Fu et al., 2022; Hassan et al., 2023; Budama et al., 2023). Both lithium-ion batteries and water splitting are essential for tackling environmental issues and energy sustainability, each providing a special contribution to the change towards a clean and sustainable energy landscape (Aravindan et al., 2023; Bashir et al., 2021).
1.2.1 Importance of water splitting
Water splitting is significant in so many ways some are discussed here.
1.2.1.1 Renewable hydrogen production
Employing renewable resources such as sunlight and wind-energy, water splitting offers sustainable method of creating hydrogen fuel (Yu et al., 2021; Acar et al., 2016; Rafique et al., 2020).
1.2.1.2 Energy storage
Water splitting produces hydrogen, which may be stored and utilised as a carrier of energy for multiple uses, such as transportation, industrial, and power generation. In order to combat grid instability and energy intermittency, it provides a way to store renewable energy produced from sporadic sources (Tee et al., 2017; Mlilo et al., 2021).
1.2.1.3 Decarbonization
Water splitting produces hydrogen, which may be used in fuel cells to create energy with no emissions. This helps with the endeavor to decarbonize industries and sectors including power production, transportation, and industry. It provides a practical substitute for remnant fuels in addition of decreasing the special effects of climate alteration (Yu et al., 2021; Mehrpooya et al., 2021).
1.2.2 Lithium-ion battery importance
Lithium-ion batteries are critical for storing energy in Electric vehicles (EVs), portable gadgets, and grid energy systems due to the fact that their energy density is higher, long cycle life, and rapid charging capabilities. By reducing infrastructure investments, enhancing grid dependability, meeting demand with supply, and storing renewable energy throughout low demand, using it in high demand, they stabilise the system. Electric vehicles EVs run on lithium-ion batteries, which makes it possible to electrify transportation and lessen reliance on fossil fuels. When we compare EVs to cars having internal combustion engines, former are greener and more environment friendly, lowering Greenhouse Gas (GHG) release and pollution in the atmosphere.
Electric vehicles and widespread use of renewable energy are made possible by lithium-ion batteries. Through energy storage produced by sporadic re-newable resources like solar and wind power, LIBs contribute to improved grid stability and dependability and assist balance supply and demand. This capacity promotes the energy sector’s utilization of renewable sources, which lowers fossil fuel reliance and carbon emissions. Li-ion battery-powered vehicle electrification also improves air quality and public health by minimizing GHG emissions and air pollution. Lithium-ion batteries are therefore crucial to the shift towards a greener, more sustainable future.
In conclusion, Li-ion batteries and water splitting are essential technologies for boosting energy sustainability and addressing environmental issues. They make it possible to use renewable resources efficiently.
2 WATER SPLITTING: PRINCIPLES AND PROCESSES
Through the process of water splitting, hydrogen can be produced directly from the breakdown of water into its constituent parts as can be seen in Equation 1. Breaking two O-H bonds requires the energy needed to divide a single H—O—H (water) molecule (Figure 1). Bond’s dissociation energy of each O—H bond is between 460 and 500 kJ/mol. The total energy required would be between 920 and 1,000 kJ/mol to split one water molecule and break both bonds. Please be aware that these are approximations as the real energy may vary depending on the particular circumstances surrounding the bond dissociation (Sorensen et al., 2020).
[image: Figure 1]FIGURE 1 | (A) A core-shell alloy nanocatalyst made of Au cores and AuIr2 alloy shell (Au@AuIr2) with partly oxidised surfaces improved water splitting efficiency in acidic conditions. Used with permission from Wang H. et al. (2021). (B) Diagram of the chemical equation of the electrolysis of water. Republished with permission from Ampah et al. (2024). (C) Schematic diagram of photocatalytic water splitting. Reproduced with permission from Junaid et al. (2023). (D) Photosynthetic water splitting (Davis et al., 2018).
Through different power sources, such as electrical current, thermal heat, or electromagnetic radiation, can provide H bonds. Water splitting procedures generally varies depending on whether an energy source—such as electrolysis, thermolysis, or photolysis—is used to carry out the reaction (Gopinath and Marimuthu, 2022).
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2.1 Redox reaction
Reduction occurs at the cathode i,e negative electrode, here hydrogen gas (H2) and hydroxide ions are formed from water molecules which had gained electrons. This reaction is shown in Equation 2 as,
[image: image]
The oxidation (Equation 3) process occurs, at anode i,e positive electrode, here to form oxygen gas (O2), protons (H+), and electrons. Water molecules lose electrons
[image: image]
2.2 Chemical reactions involved for hydrogen production in water splitting
Reaction involved in water-splitting is given by the equation,
[image: image]
Equation 4 illustrates the electrolysis of 1 mole of water produces 1 mole of hydrogen and half a mole of oxygen gas. The thermodynamic potentials and the first law of thermodynamics are employed in the process. Thermodynamic properties’ table, offers the relevant parameters, assuming 298K temperature and pressure of 1 atm (Petrovic, 2021). The two half-cell reactions that are utilised to accomplish water splitting are water reduction and water oxidation (Figure 2). The process HER is the name given to the reduction of protons on cathode;
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[image: Figure 2]FIGURE 2 | (A) Schematic showing the anode and cathode locations for a two-electrode arrangement with NF/T (Ni3S2/MnS–O) for overall water splitting. Used by permission from Zhang et al. (2019). (B) The NiCo-nitrides/NiCo2O4/GF couple electrolyzer is depicted in the photos. Used by permission from Liu et al. (2019).
OER, the oxidation of water,
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Water is hence very stable and very slightly conductive; electrolytes such as K3PO4, H₂SO₄, and KOH buffer increase the conductivity of water, resulting in an acidic, basic, and neutral medium.
In low pH medium;
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In high pH medium;
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In neutral media;
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Water electrolysis, conducted under optimal pH conditions, has both advantages and disadvantages. In mediums which are acidic Equations 7, 8, the effectiveness of hydrogen reversible electrolysis (HER) is exceptional due to the availability of protons for immediate charge and discharge. However, OER can only be catalyzed by oxides of pricey and valuable ruthenium (Ru) or iridium (Ir) alloys at low over potential. Few electrocatalytically active oxides, such IrO2 and RuO2, have metallic-type conductivity. This is because the modest electronegativity difference between metals and oxygen prevents a band gap from forming (Anantharaj et al., 2021; Yu et al., 2023; Devadas et al., 2020; Qin et al., 2024). The use of less costly 3d transition metal oxides or hydroxides significantly increases OER efficiency in alkaline media, but minimal H2 generation occurs due to insufficient H+ supply (Liu et al., 2021) (Equations 9, 10).
2.2.1 Oxygen evolution reaction
From Figure 3 the oxygen evolution reaction can be seen. This reaction has slow kinetics, so it is frequently seen as the primary barrier in splitting of water, limiting the effectiveness of the energy change. There’s been much research done on the OER mechanism in acidic environments. On the other hand, alkaline media rather than acidic media are used for the majority of experimental investigations. In both acidic and alkaline conditions, the generally recognised OER process involves four electron/proton transfer stages.
[image: Figure 3]FIGURE 3 | A diagram of Oxygen Evolution Reaction. Reproduced with consent from (Schuler et al., 2020).
In an environment which is acidic, the OER exhibits considerable sensitivity to pH; water molecule undergo oxidation, leading to the release of H+ + e− pairs and oxygen molecules. However, in an alkaline condition, hydroxyl groups (OH−) oxidised to H2O and O2, releasing e− in the process. By utilising oxides or hydroxides of less costly 3d transition metals, OER efficiency rises considerably in alkaline media; nevertheless, H2 generation is minimal because at high pH, there isn’t a rapid H+ supply to the cathode. Water splitting happens in marketable electrolyzers at 1.8–2.0 V, which is a significant cell potential that is 0.55–0.77 V greater than 1.23 V theoretical value. To break reaction system’s energy-related barrier, this extra potential—also referred to as over potential is required.
The catalyst used to catalyse the reaction has a complete influence on its kinetics like Ir-Ru catalysts work efficiently in low pH media as in comparison to alkaline ones. In alkaline conditions, transition metal-based catalysts such as those consisting of Fe, nickel Ni, and Co speed up OER more effectively (Jamesh and Harb, 2021; Liang et al., 2021; Xie et al., 2022).
2.2.2 Hydrogen evolution reaction (HER)
In the process H2(g) is produced at the cathode during electrolysis, and in water splitting it’s a basic electrochemical mechanism. For the creation of hydrogen (that holds considerable potential as a sustainable and clean energy source). Development of effective water splitting methods require an understanding of the HER.
Hydrogen gas (H2) and hydroxide ions (OH−) are formed when water molecules (H2O) undergo reduction at the cathode (Equation 13), where they pick up electrons (e−). The general response is shown as:
[image: image]
At the electrode-electrolyte interface, electrochemical reduction of water molecules takes place. Whereas cathode offers a surface for this process. The electrode material, surface shape, electrolyte composition, pH, temperature, and applied voltage are among of the variables that affect the HER’s kinetics.
To increase the HER’s kinetics and reduce the overpotential required for hydrogen evolution, efficient catalysts are frequently used. Catalysts encourage the transmission of electrons, facilitate the release of hydrogen gas, and aid in the water molecules’ excitation and adsorption on electrode’s surface (Liu et al., 2022; Peng and Wei, 2020). Because of the strong catalytic activities and sturdiness, transition metals like platinum are frequently utilised as HER catalysts (Bhatt and Lee, 2020). However, research into substitute catalysts based on elements found on Earth, like transition metal oxides, sulphides, phosphides, and carbon-based compounds, has increased because of the expensive rate in addition with restricted availability of noble metals (Noor et al., 2021; Zhang M. et al., 2020). Significant advancements have been made in the last several years in the creation of economical and effective catalysts for the HER. The development of hybrid designs, surface engineering, heteroatom doping, and nanostructured materials has shown promise in boosting the durability and catalytic performance of HER catalysts (Yu et al., 2021; Chen Z. et al., 2021).
Therefore, understanding the principles and dynamics of HER is essential for advancement of water-splitting technologies and realisation for hydrogen’s potential as a clean and sustainable power source. Research in catalyst design, electrochemical engineering, and materials science could contribute to additional advancements in productivity and scalability in water electrolysis for the creation of hydrogen and it can be seen in Figure 4 (Peng and Wei, 2020; Wang S. et al., 2021; Tao et al., 2022). A potential greater than the thermodynamic potential is needed to perform water splitting practically. By utilising highly effective, long-lasting, and environmentally friendly HER and OER electrocatalysts and improving the architecture of the electrolyzer to reduce other resistances, electrochemical water splitting can be made more economical and environmentally benign (Govind Rajan et al., 2020; Bie et al., 2022).
[image: Figure 4]FIGURE 4 | (A) Electrode process of gas electrode. (B): PPT-POP and its composite materials’ electrochemical behaviour in relation to HER. (A) LSV, (B) Tafel plot, (C) impedance and (D) stability studies. Copied with approval from Rajagopal et al. (2020).
2.3 Introduction to electrolysis and photoelectrochemical methods for water splitting
Using electrical energy, the procedure of electrolysis converts water into hydrogen and oxygen gases. This takes place at two electrodes: anode and cathode. Former undergoes oxidation, releasing protons and oxygen gas, while the later reduces protons in the water to generate hydrogen gas. While electrolysis compatible with diverse energy systems, including renewable ones like solar or wind power, its scalability and efficiency are limited by the large amount of energy and infrastructure it requires (Aravindan and Kumar, 2023; Ikuerowo et al., 2024; Fragiacomo et al., 2022).
The large sum of energy needed to fuel this reaction is one of the main obstacles for electrochemical reaction. When the bonds between molecules of water are broken, hydrogen and oxygen gases are released. This process requires electrical energy (Yu et al., 2021; Du et al., 2021). The electrolysis system’s efficiency, the water feedstock’s cleanliness, and the operating environment are some of the variables that affect how much energy is needed. Infrastructure for power production, delivery, and conversion is needed for electrolysis systems, in addition to specialised equipment for managing the electrolyte and separating gases. Large-scale electrolysis facilities in particular may find it expensive and resource-intensive to establish and maintain this infrastructure. Furthermore, the infrastructure needs of electrolysis are further increased by the demand for a dependable source of power and grid connection (Zhang C. et al., 2020; Seifert, 2022).
Technological constraints, cost-effectiveness, and energy availability are some of the issues that restrict the scalability of electrolysis (Arsad A. et al., 2023). While electrolysis may be used at many different sizes, ranging from major industrial facilities to small-scale electrolyzers for on-site hydrogen generation, scaling up electrolysis to satisfy significant hydrogen demand necessitates significant expenditures in energy supply and infrastructure. Even with technological advancements in electrolysis, there are still issues with the process’s overall efficiency, especially when taking energy losses in the production, conversion, and transmission of electricity into account (Grigoriev et al., 2020). Enhancing the economic feasibility and environmental sustainability of electrolysis-based hydrogen generation requires improving the efficiency of electrolysis systems through developments in electrolyzer design, electrode materials, and system integration.
2.3.1 PEC techniques
One promising method for producing hydrogen from solar energy is photoelectrochemical water splitting. It provides a viable route for environmental friendly formation of hydrogen via the water-splitting process with solar energy. Photoelectrodes in PEC cells are made of semiconductor materials. Semiconductor are used to collect solar radiation and produce electron-hole pairs, or excitons. At the cathode, the produced electrons are utilised to decrease water, while at the anode, the holes take part in oxidation processes.
Principle: Photoelectrodes submerged in an electrolyte solution make up PEC cells. Redox processes begin at the electrode-electrolyte interface when photons with enough energy are absorbed by the photoelectrodes and form electron-hole pairs.
Anode Reaction: Water oxidation occurs at the anode, producing oxygen gas and protons, as can be seen from Equation 14;
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Cathode Reaction: Proton reduction proceeds at the cathode, yielding hydrogen gas as depicted in Equation 15;
[image: image]
PEC techniques provide a number of benefits, such as the ability to integrate with current photovoltaic technology, high theoretical efficiency, and direct solar-driven water splitting. But obstacles including scalability, poor efficiency, and material stability prevent them from being widely used (Dai et al., 2020; Fernandez-Ibanez et al., 2021; Grape et al., 2020). Figures 5, 6 give the visual presentation of the different PEC and PSC tandem cells by using different materials.
[image: Figure 5]FIGURE 5 | (A) Diagram of the PSC/hematite photoanode tandem cell with dual junctions. Printed with authorization from Dimitriou and Tsujimura (2017). (B) Setup included a tandem cell TiO2/CH3NH3PbI3 and a Co–Ci/H with 3% Mo:BiVO4. Reproduced with authorization (Kim et al., 2015). (C) Diagram of the tandem water-splitting perovskite and CIGS used. Republished with authorization of Luo et al. (2015). (D) The PEC-PSC tandem device’s setup. Republished with authorization of Qiu et al. (2016). (E) Diagram illustrating the photoanode tandem structure of WO3/BiVO4. Republished with authorization of Shi et al. (2015). (F) Plan for the tandem cell PEC-DSSC. Republished with authorization of Zhou et al. (2018).
[image: Figure 6]FIGURE 6 | Two methods for producing solar hydrogen using PV-EC and PEC water splitting (Wang Z. et al., 2021).
3 LITHIUM-ION BATTERIES: BASIC CONCEPTS
Rechargeable batteries of the lithium-ion variety are frequently found in energy storage systems, electric cars, and portable devices. These batteries are made up of a separator, an electrolyte, and positive and negative electrodes (Francis et al., 2020). Electrodes, are usually made of materials like LiCoO2 (positive electrode) and graphite (negative electrode), serve as the sites for electrochemical reactions during charging and discharging. After the battery reaches full charge, lithium ions transferred from the LiCoO2 to the graphite electrode. Inversely, following discharge, lithium ions return to positive electrode (Quilty et al., 2023; Rouhi et al., 2021). Lithium ions can travel through the separator, a permeable membrane sandwiched between anode and cathode that prevents short-circuit and direct contact. During charging and discharging, the electrolyte—a conductive solution or gel—helps move lithium ions between the two electrodes (Quilty et al., 2023). It is made up of lithium salts that have been dissolved in a solvent, like a solution of ethylene and dimethyl carbonates. In addition to offering a stable environment for electrochemical processes to take place, the electrolyte is essential for facilitating ion movement (Quilty et al., 2023; Chen M. et al., 2021).
Charge transfer is accomplished by applying a voltage between the two electrodes using an external power source. Both cathode and anode materials oxidise and reduce throughout this process. When a battery is discharging, the lithium ions that have been stored move back through the electrolyte to the positive electrode, producing electrical current that may power electronics (Rouhi et al., 2021; Jiang et al., 2022).When comparing lithium-ion batteries to other rechargeable battery chemistries, they provide an energy density that is unmatched. Because of their high energy storage capacity per-unit volume or weight, they are the best choice for applications where weight and space are crucial considerations. Because of this, Li-ion battery is now a go-to opportunity for supplying power to portable electronic devices including wearable technology, computers, tablets, and smartphones (Wen et al., 2020; Galos et al., 2021). Electronic gadgets can function longer between charges because to lithium-ion batteries’ high energy density. Devices utilised in distant or mobile environments, where access to power sources may be restricted, should pay special attention to this. Longer runtime for users means less frequent recharging, which improves productivity and ease.
This batteries is now an adaptable power source for various uses beyond consumer devices due to their small size and lightweight design (Deng and Aifantis, 2023). Electric cars (EVs), drones, power tools, medical equipment, and renewable energy storage systems are among the many applications for them. Their high energy density makes it possible to store and deliver energy efficiently in a variety of settings, which promotes innovation and technological advancements in a wide range of sectors (Wu et al., 2020). These batteries can maintain charge for extended periods, and are known for their low self-discharge rate (Roth et al., 2023). This is beneficial for infrequently used devices or backup power applications. They also have an extended cycle life, allowing them to withstand hundreds or thousands of battery cycles without noteworthy capacity drop (Gao et al., 2022). The durability contributes to the longevity and reliability of lithium-ion battery-powered devices, hence reducing the overall ownership cost and the frequency of battery replacements. They are sensitive to deep discharging as in Figure 7C we can see the high discharge capacity of SC and PC. These are also sensitive to overcharging, which can cause irreversible damage to electrodes and electrolyte (Ouyang et al., 2022). Overcharging, on the other hand, can cause excessive heat buildup and thermal runaway. To mitigate these risks, lithium-ion batteries have built-in protection circuits and management systems that automatically shut down charging or discharging processes (Mollaei, 2020).
[image: Figure 7]FIGURE 7 | (A) Volumetric and specific energy densities of different battery types. Republished by permission of Nkembi et al. (2024). (B) Schematic diagram showing the Li2S usage in a II-phase electrolyte divided by a lithium super ionic conductor. Reprinted with permission from Wang et al. (2015). (C) Schematic diagram showing high discharge capacity of SC and PC. Reprinted with permission from Kim et al. (2022). (D) Various markets of LIBs. Reprinted from Eftekhari (2019), Khan et al. (2023a).
Recent research is focusing on the advances in the energy-density of LIBs that are essential for extending device runtime, increasing electric vehicle driving range, and enhancing renewable energy storage efficiency. Figures 7A, D give us an understanding of the research done so far in this area and the future of the LIBs. Strategies include optimizing electrode materials, enhancing electrolyte formulations, and exploring advanced battery designs. Safety is a top priority, with recent developments focusing on robust-battery management systems, thermal management techniques, and safer chemistries to minimize thermal runaway and battery fires. Despite their numerous benefits, lithium-ion batteries have faced challenges in cost and affordability (Durmus et al., 2020). Advancements in battery manufacturing processes, electrode fabrication techniques, and materials synthesis aim to reduce production costs and improve the economic viability of lithium-ion batteries (Zhang et al., 2023). This includes developing scalable manufacturing methods, recycling initiatives, and optimizing supply chains to minimize costs associated with raw materials and components. Research is underway to improve new materials for lithium-ion batteries, aiming to enhance sustainability, performance, and environmental impact. Alternative electrodes like silicon-based anodes as depicted in Figure 7B, high-nickel cathodes, and SSEs (Solid-state electrolytes) offer high energy density and enhanced cycling performance.
3.1 Battery operation and overview of Li-ion batteries
These batteries are powered via a series of electrochemical processes involving electrode materials, electrolytes, and charging/discharging mechanisms.
3.1.1 Materials for electrodes
Graphite and lithium metal oxide such as lithium cobalt oxide are used as negative and positive electrodes, these are essential to the battery’s functioning. Lithium ions are released from cathode and intercalated to the anode during charging, while reverse happens during discharge (Quilty et al., 2023).
3.1.1.1 Negative electrode (anode)
The negative electrode in a Li-ion battery releases Li+ ions to positive electrode. Graphite or other carbon-based materials are commonly used for this purpose. During charging, these ions are subsequently intercalated into the graphite lattice, releasing electrons that power the electronics that are connected. The layered structure of graphite makes reversible lithium ion intercalation possible. Lithium ions return to the positive electrode as the battery is depleted, producing electrical current.
3.1.1.2 Positive electrode (cathode)
The positive electrode, or cathode, in a lithium-ion battery is typically composed of lithium metal oxides, such as LiCoO2, LiFePO4, or LiMn2O4. During battery discharge, Li+ ions migrate out from anode and return to cathode material, completing an electrochemical process and producing electrical energy. This process occurs during charging and goes to the negative electrode via electrolyte, where they intercalate into the graphite anode. The energy-density, voltage, and life-span of a lithium-ion battery are all influenced by the specific cathode material that is used in it.
3.2 Lithium-ion battery’s importance
Sony Corporation in 1991, first introduced the battery into the market. These are presently the most popular and extensively used rechargeable batteries—have helped PEDs (portable electronic devices) enter a new era. Due to a variety of benefits, including 3.6 V higher voltage, lower self-discharge rate, high energy content, light-weight, excellent safety, and remarkable cycle performance, maintenance-free design, their introduction has been very competitive with other battery kinds. Due to these benefits, Li-ion batteries—which were formerly mostly supplied by Ni-MH and Ni-Cd batteries—are the ideal choice for energy storage in small-sized PEDs, including smart-phones, laptops, cameras, and other electronic devices. Meanwhile, such batteries are growing more and more common for use in aircraft, electric vehicles, and the military (Liang et al., 2019; Costa et al., 2021). Because they are lightweight and small, Figure 8 shows they may be used for lengthy period of time without requiring recharging, which makes them a useful and trustworthy power source for portable gadgets like laptops, tablets, and smartphones. It is impossible to undervalue the contribution lithium-ion batteries provide to smooth communication, productivity, and entertainment—especially in the fast-paced digital world of today (Riaz et al., 2021; Khan et al., 2020; Maiyalagan and Elumalai, 2021). Lithium-ion batteries’ energy storage capacity is essential in order to extend the driving range and improving general performance of ECs. The broad adoption of electric cars is being fueled by the automotive industry’s continued acceptance of sustainable mobility, which results in lowering the emission of GHG and a cleaner environment (Wen et al., 2020; Khan et al., 2023b; Hasan et al., 2021; Ahsan et al., 2022). Furthermore, the stability and effectiveness of renewable energy sources are significantly impacted by the incorporation of Li-ion battery into grid systems for storing energy. These batteries are essential for maintaining grid balance and a steady supply of electricity during times of high demand because they collect and store surplus energy produced by solar power and wind power throughout times of peak output. Supporting the shift to a stronger and sustainable energy infrastructure requires such competence (Kebede et al., 2022; Rana et al., 2023; Datta et al., 2021). To further improve lithium-ion battery performance, safety, and cost, research and development activities must be sustained. Meeting the changing demands of these vital applications and advancing energy storage technology will need research into novel electrode and electrochemical materials in addition to improvements in battery management systems.
[image: Figure 8]FIGURE 8 | (A) Self-charge and discharge mechanism of LIB. (B) The usual lithium-sulfur battery charge-discharge curve. Copied with authorization by Guo and Liu (2019).
4 SYNERGIES BETWEEN WATER SPLITTING AND LIBS
The vital advancement in energy-storing technology, notably for portable electronics, EVs, and grid energy storage systems, has been creation of the LIB (Chen et al., 2020). As the need for dependable and sustainable energy solutions continues to rise, investigation for the potential synergies between water splitting and lithium-ion batteries partakes as a viable path for resolving the issues related to energy generation and storage. When it comes to energy generation and storage, integrating water splitting technologies with lithium-ion batteries can provide a number of benefits (Xu et al., 2023). Water splitting may be used to make hydrogen, which can then be stored as energy. This is particularly helpful in scenarios where hydrogen may be electrolyzed using excess electricity from renewables. Once that’s done, hydrogen will be able to be stored and used as a clean energy source for a variety of applications, such as industrial usage or in fuel cell for electric vehicles.
Moreover, in situations where high energy density and long-term storage are critical, the addition of hydrogen as an energy carrier can improve the performance of lithium-ion batteries. The unpredictable character of renewable energy sources maybe addressed through combining the usage of lithium-ion batteries with hydrogen generated by water splitting, providing a more all-encompassing and environmentally friendly method of energy storage and consumption (Arsalis et al., 2022). Comprehensive investigations into the amalgamation of water splitting and lithium-ion batteries comprise the examination of cutting-edge substances as electrocatalysts, highly effective electrolysis procedures, and inventive techniques for storing and using the hydrogen generated. Furthermore, a cutting-edge field of study with great potential to completely transform the energy landscape is the development of smart energy management systems that seamlessly link water-splitting technology with lithium-ion batteries.
Water splitting technology is still developing, and its confluence with lithium-ion batteries has enormous potential to propel energy generating and storage systems towards sustainability and resilience (Zhong et al., 2024). The search for these synergies highlights how combining different energy technologies may be revolutionary in addressing the growing need for stable and sustainable energy in various sectors.
4.1 Potential synergy between water splitting and LIBs for energy storage solutions and renewable energy integration
Both technologies may work well together to enhance energy storage and incorporating sustainable energy resources. Combining the beneficial characteristics of these two technologies can help to overcome the problems associated with energy generation and storage, especially when considering renewable energy sources. An important benefit is combining water splitting with lithium-ion batteries can be the possibility of improved energy utilization and storage (Zhang B. et al., 2021). One potential application for water splitting is the storage of surplus electricity formed by renewables. The process produces hydrogen. Discontinuous nature of renewable resources of energy maybe addressed by using this stored hydrogen as a clean energy source for variety of uses. A more thorough and sustainable method of energy storage and utilization may be accomplished by combining the extended-term storing capacity of lithium-ion batteries with the energy carrier qualities of hydrogen (Khakimov et al., 2024). Furthermore, there are important ramifications for electric cars from the confluence of lithium-ion batteries and water splitting (Sarker et al., 2024). A feasible alternative intended for increasing driving range and in general EC’s performance is the use of hydrogen produced by water splitting as a fuel source for fuel cells (Bethoux, 2020). This integration offers a workable option for the growth of sustainable transportation by addressing the shortfalls of traditional LIBs by regard to long term storage and energy density.
A thorough investigation into the incorporation of water splitting with lithium-ion batteries entails the search for cutting-edge electrocatalyst materials and highly effective electrolysis techniques. Another important area of research opportunity is the creation of creative ways to store and use the hydrogen that is created. To fully realise the benefits of this synergy, smart energy management system development that smoothly combines the two technologies is also essential. Beyond specific applications, the investigation of potential synergies between water splitting and lithium-ion batteries has wider ramifications for the grid-stability and renewable source’s integration (Zhu et al., 2022). Hydrogen produced by water splitting allows for capturing plus storing extra energy of renewable resources and be employed for a number of tasks, including industrial processes and the production of electricity. This technique increases the overall stability and efficacy of renewable resources by supporting the conversion to a new resilient and sustainable energy infrastructure.
4.2 Using hydrogen produced from water splitting as a clean energy source for charging lithium-ion batteries
An inventive strategy for longer span energy storing solutions is the investigation of hydrogen generated from water splitting as a green energy source for lithium-ion battery charging. This procedure includes electrolyzing water to create hydrogen, which theoretically may be used in fuel cells to generate energy for diverse uses, such as LIB charging (Khakimov et al., 2024).
Because it burns solely to produce water and has a high energy content per weight, hydrogen is becoming more and more popular as an alternative fuel. This might make hydrogen an ecologically benign choice. Hydrogen has the potential to store excess energy and supply electricity when required, which could facilitate the integration of intermittent renewable energy sources such as wind and solar power into the electrical grid. Fuel cells and other energy-conversion and storage systems benefit greatly from hydrogen (Stančin et al., 2020; Rashidi et al., 2022).
The foundation of the concept of using it as a clean energy source to charge lithium-ion batteries is due to hydrogen’s potential as a flexible energy carrier. The hydrogen generated as a result of electrolysis maybe stored and employed in fuel cells to create power again when needed. As hydrogen may be created during times of excess renewable energy and used during shortages, this technology may be very helpful for balancing energy needs. One of its main advantages is the capacity to produce hydrogen from renewable energy sources, which lessens reliance on traditional energy sources and makes the process sustainable. This is in line with international initiatives to move to a carbon-constrained economy. Additionally, this innovation provides a clean substitute for carbon-emitting fossil fuel-based energy sources, as the sole result of hydrogen fuel cells is water. To be practical, the hydrogen cycle—from generation to storage to electricity—must be made sufficiently efficient. The energy efficiency of converting water to hydrogen and subsequently electricity is currently less than that of charging batteries directly with electricity. A portion of this can be attributed to losses that occur during the electrolysis of water, fuel cell conversion, and hydrogen storage and transit (Tashie-Lewis and Nnabuife, 2021). This application does not, however, come without difficulties. Large and reliable storage systems are required because of the low-volumetric energy density of hydrogen (Hassan et al., 2021). Furthermore, the energy efficiency of electrolysis must be taken into account, as the process currently consumes significant amounts of electrical energy, which could offset some environmental benefits if the electricity is not derived from renewable sources (Lamy and Millet, 2020). In addition, safety issues arising from the flammability of hydrogen must be addressed, and the building of set-up for hydrogen making, storing, and transportation is a capital-intensive undertaking. When compared to other energy storage techniques, water electrolysis has a poorer energy efficiency. This is mostly because of energy losses that transpire during the electrolysis process and during the following fuel cell conversion of hydrogen back into electricity. As an energy storage medium, the total round-trip efficiency of hydrogen is frequently less than 50% (Adams et al., 2024). Electrolyzer efficiency normally varies from 60% to 80%, while fuel cell efficiency might vary from 40% to 60% (Escobar-Yonoff et al., 2021).
Other energy storage techniques, on the other hand, can achieve round-trip energy efficiency of more than 90% (Ameen et al., 2023). Because of this, direct electrical storage is currently more effective for uses requiring quick energy charging and discharging, such as grid energy storage or electric cars. The storage of hydrogen is a particularly difficult issue because of its low energy density by volume. Metal hydrides are one type of storage solution that must be carefully constructed to be safe, compact, and able to store enough hydrogen for practical application (Nguyen and Shabani, 2021). Finding effective and stable metal hydrides that can securely store hydrogen at acceptable pressures and temperatures is the subject of research.
Investigating distributed hydrogen production, in which hydrogen is produced at or close to the point of consumption, may help address the infrastructure problem by reducing the need for costly and large transportation networks. Research on safety practices is also continuing because of hydrogen’s flammability and requirement for handling at high pressures or low temperatures. To guarantee that hydrogen systems are inherently safe to operate, cutting-edge materials and technologies must be developed.
In conclusion, although using hydrogen to charge lithium-ion batteries is a promising idea, the subject is still in its infancy and will need to continue advancing due to technological, materials science, and system integration developments in order to get over the current challenges.
5 ADVANCEMENTS IN WATER SPLITTING TECHNIQUES
To increase overall sustainability, the following developments are being done in hydrogen production.
5.1 Creation of more efficient electrolyzer technologies
Scientists are experimenting with cutting-edge designs for electrolyzers, which can provide better efficiencies and can function well with sporadic energy supply notably are solid oxides and proton exchange membrane electrolyzers from renewable sources (Liu et al., 2023). Since electrolyzers are what induce water splitting, developing more efficient electrolyzer technologies is essential to increasing the practicality of hydrogen as a medium which can store energy. The two cutting-edge electrolyzer technologies are broken down as follows.
5.1.1 Proton exchange membrane electrolyzers
These electrolyzers shown in Figure 9 work at comparatively low temperatures, about 80°C (176°F), and they use a solid polymer electrolyte. Proton exchange membrane (PEM) electrolyzers are ideally perfect for linking with alternating renewable energy sources because of their short start-up periods and dynamic operation (Lopez et al., 2023). Renewable energy sources are highly effective due to their quick ramp-up/down capability, compact size, and high current densities, enabling them qualify for a range of hydrogen generation capacities.
[image: Figure 9]FIGURE 9 | (A) Diagram illustrating the basic principles of PEM water electrolysis. Reprinted with the permission from Kumar and Lim (2022). (B) Schematic diagram of bipolar plates for hydrogen production through PEM (Feng et al., 2017).
These operate at temperatures that are significantly higher, usually between 1292°F and 1472°F (1292°C and 800°C). Since heat may be used for supplying a portion of the energy required for electrolysis, the high temperature functioning of SOEs (Solid Oxide Electrolyzers) has benefits for thermodynamics that allow for improved overall efficiency (Wang F. et al., 2021). This is especially helpful in environments like industrial ones where waste heat is accessible. Furthermore, direct splitting of carbon dioxide and water by SOEs has the potential to yield a combination of hydrogen and carbon monoxide, syngas, which may be utilised in a variety of chemical processes. Materials science advancements are enhancing the production of electrolyzers, lowering costs, increasing efficiency, and extending system lifetimes. Alternative catalyst materials and 3D printing are being explored for cost reduction and creative design. The overall goal of the drive for more efficient electrolyzer technologies is to guarantee that these devices are compatible and work in concert with the larger ecosystem of sustainable energy resources, in addition to optimising devices themselves (Arsad A. et al., 2023).
5.2 Recent advancements in water-splitting technology
New catalyst development, increased efficiency, and improved scalability have been the main goals of recent developments in water splitting technology. Below is a summary of some significant developments.
5.2.1 Novel catalysts
The need for creating multifunctional, high-efficiency electrocatalysts with long-term stability is growing quickly in order to commercialize sustainable hydrogen production using affordable water electrolysis equipment (Janani et al., 2021). The creation of affordable catalysts for water electrolysis is crucial to the effort to increase the effectiveness of water-splitting technologies. By focusing on optimization of electrocatalysts, researchers aim to minimize the energy needed to initiate water-splitting process, thereby increasing its overall efficacy. The exploration of diverse catalytic materials, including transition metal oxides, carbides, and nitrides, presents an avenue for achieving cost-effective and highly efficient electrocatalysts (Das et al., 2022). Leveraging these advanced materials can lead to improved kinetics of water oxidation and hydrogen evolution, thus accelerating the entire process of water splitting. With respect to integrating water-splitting with lithium-ion batteries, the utilization of cost-effective electrocatalysts can further contribute to enhancing the overall conversion efficiency of renewable electricity into storable hydrogen (Liu et al., 2021). This underscores the pivotal role of cost-effective catalysts in advancing high-efficiency electrolysis processes and promoting the seamless integration of water-splitting technologies with energy storage systems.
Here are some of the most notable developments in this field.
5.2.1.1 Transition metal phosphides (TMPs)
Numerous anode materials based on transition metal phosphide (TMP) have been developed recently due of their excellent specific capacity and thermal stability (Park et al., 2023).
TMPs that exhibit good catalytic efficiency for the HER and the OER include nickel phosphide (Ni₂P) and cobalt phosphide (CoP). TMPs offer active sites for the later progression of hydrogen adsorption. They are reasonably priced, have good stability, and have strong catalytic activity.
5.2.1.2 Perovskite oxides
Perovskite oxides like Ba₀.₅Sr₀.₅Co₀.₈Fe₀.₂O₃-δ are effective for OER because of their adjustable electronic structure and high electrical conductivity (Liu et al., 2024a). They facilitate oxygen evolution by providing multiple oxidation states for transition metals, enhancing oxygen adsorption and formation. The coupling oxygen OER in anode compartments in basic or acidic solutions is often determined by their slow kinetics. Energy barriers in reversible hydrogen electrode (RHE) reactions are measured as overpotential (η), in order to attain a suitable current density (j) of 10 mA cm−, must be overcome. IrO2 and RuO2, two examples of precious and rare metal oxides, are acknowledged as benchmark materials for accelerating OER; nonetheless, they’re costly, they have poor stability, and scarcity prevent their widespread commercial application. Transition metal oxides, sulphides, phosphides, carbon-based materials, and composites such cubic perovskite oxides have been thoroughly investigated for their desirable inherent catalytic activity in an effort to find high-performance, affordable alternatives. Figure 10 provides an overview of the different perovskite oxides.
[image: Figure 10]FIGURE 10 | Crystal structures of various kinds of perovskite oxides: (A) Cubic (ABO3), (B) Quadruple (A′A3B4O12), (C) A-site ordered (AA′B2O6) and B-site ordered (A2BB′O6) as well as (D) RP (An+1BnO3n+1, n = 1, 2 and 3) perovskite oxides. Reproduced by approval from Liu et al. (2024b).
5.2.1.3 SACs: single-atom catalysts
Single-metal atoms scattered on a supplementary material, provide excellent catalytic activity with low metal consumption in SACs. For water splitting processes, isolated metal atoms offer consistent, extremely active locations.
Energy conversion technologies heavily rely on electrocatalysts, and single-atom-catalysts is a novel class of catalysts. Due to their high atom utilization efficiency and inherent activity, single-atom catalysts (SACs), which are made up of atomically scattered metal atoms anchored to a support, have garnered a lot of interest like Pd as Figure 11 shows. By virtue of their special qualities and maximal atom-utilization efficiency, SACs enable atomic economy and the effective use of metal resources. It is difficult to create and retain metal centres as atomically distributed locations, nevertheless (Mitchell and Pérez-Ramírez, 2021). The goal of recent developments in wet-chemistry synthetic techniques for SACs is to stabilise individual metal atoms against aggregation and migration. SACs are reviewed along with their existing problems and future development opportunities. SACs have electrochemical applications in the CO2 reduction reaction (CO2RR), Hydrogen evolution reaction (HER), and oxygen reduction reaction (ORR) (Zhang and Guan, 2020).
[image: Figure 11]FIGURE 11 | (A) Pd+: Pd single-atom sites for activation of C=O Pd: H2 dissociation sites in Pd nanoparticles. Reprinted from Kuai et al. (2020) with permission. (B) A potential electrocatalyst for the oxygen reduction reaction is a cobalt single-atom catalyst based on a two-dimensional boron nitride material. Published by permission of the Deng et al. (2019).
5.2.1.4 MoS₂: molybdenum disulfide
It’s a two-dimensional material with layered structure and large surface area, has been thoroughly investigated for HER (Ishag and Sun, 2021). Edges in MoS₂ layers provide active sites for hydrogen adsorption and evolution. Abundant, cost-effective, and can be engineered to improve catalytic performance.
With an indirect bandgap of 1.2 eV, bulk molybdenum diseminate is a vertical arrangement of layers linked by weak van der Waals contacts. Its electromagnetic spectrum absorption lies in the visible area, making it useful for a variety of processes like disinfection, energy storage, hydrogen production, and the breakdown of pollutants. Several research has provided an overview of recent developments in 2D MoS2-based material applications and photocatalytic methods (Yuan Y. et al., 2021). Figures 12, 13 illustrate the monolayer MoS2 and related 2D materials in a device for photoelectric applications.
[image: Figure 12]FIGURE 12 | MoS2’s chemical exfoliation and electrical efficiency. (A) MoS2 monolayer transistor schematic view in three dimensions. (B) An AFM picture of single MoS2 coat. The red line crosses MoS2 and reaches to Si substrate, which has an oxide layer that is 270 nm thick. (C) FET device’s optical picture created using a single layer of MoS2. (D) The rate at which a single-layer MoS2 phototransistor switches on and off at Vds = 1 V and Plight = 80 μW. (E) How the gate voltage (Vds = 1 V, Plight = 80 μW) affects photoresponsivity. (F) The technique of electrochemical lithiation, which creates 2D nanosheets from layered bulk material. (A, B) republished with permission from Radisavljevic et al. (2011). Copyright 2011, Rights Managed by Nature Publishing Group. (C–E) reprinted with permission from Yin et al. (2012). Copyright 2012 American Chemical Society. (F) republished with permission by Zeng et al. (2011).
[image: Figure 13]FIGURE 13 | General CVD research of MoS2. (A) Sulfurization of powdered MoO3. Republished with approval by Lee et al. (2012). (B) Sulfurization films of Mo. (C) Schematic diagram of the two-step thermal disintegration of (NH4)2.MoS4. (D) The representative transfer curves for the devices invented using the MoS2 trilayers. Panel c, d reproduced with permission from Liu et al. (2012). (E) Vapor-solid growth from MoS2 powder. Reprinted with permission from Wu et al. (2013). (F) reprinted with permission from McCreary et al. (2014).
5.2.1.5 NiFe LDHs: nickel-iron layered double hydroxides
These are effective for OER in alkaline solutions due to their layered structure and synergetic effects between nickel and iron. The hydroxide layers facilitate efficient oxygen evolution through electron transfer processes. Low cost, higher activity, and good stability.
Huang with colleagues developed a flexible electrospinning strategy for creating porous nitrogen-doped carbon nanofibers containing NiFe alloy nanoparticles (Jiang et al., 2021). These nanoparticles in basic solution, showed an overpotential of 294 mV and excellent stability. Meng and colleagues used a rapid joule heating method to load the NiFe alloy onto MoO2 surfaces as represented in Figure 14, resulting in superior activity in alkaline seawater. The interfaces of NiFe alloy/MoO2 could improve OER performance (Zhang, 2024).
[image: Figure 14]FIGURE 14 | (A) Electrochemical efficiency for OER and Linear Sweep Voltammetry curves intended for diverse catalysts on a scanning rate of 5 mV s–1. Copied with approval from Wei et al. (2020). (B) The production procedure of NiFe@NCNFs (Wei et al., 2020). (C) LSV curves depicting the comparative performance of various catalysts. (D) Graphic representation, illustrating in-situ development of the NiFe alloy/MoO2 and hydrogen evolution reaction/OER for the catalyst. Reprinted with permission from Zhao Z. et al. (2024).
5.3 Ongoing research efforts aimed at reducing energy input and production costs
Research in water splitting technology aims to reduce energy input and production costs by developing more efficient catalysts, integrating renewable energy sources, optimizing reactor designs, and improving system efficiency (Yu et al., 2021; Li et al., 2020). Key research directions include developing non-precious metal catalysts like Transition Metal Dichalcogenides (TMDs) and Nickel-Iron Bimetallics, which are cheaper and show high activity for OER and HER. Single atom catalysts SACs optimize the utilization of metal atoms by dispersing them at the atomic level on a support material, resulting in high catalytic efficiency, lower metal usage, and reduced costs. The combination of sustainable energy resources, like photovoltaic integrated electrolyzers and wind-powered electrolyzers, can reduce reliance on external electricity sources and provide a sustainable and economical method of water-splitting. Flow cell designs improve mass transport and efficiency by allowing reactants to flow through the reaction chamber (Ma et al., 2021). 3D-printed or nanostructured electrodes increase reaction surface area, reducing energy input. Research focuses on minimizing overpotentials for HER and OER through electrocatalyst coatings and optimized electrolyte composition. Efficient thermal management systems are being designed to utilize excess heat produced throughout electrolysis procedure, enhancing total system efficacy. Examples of these improvements include porous nickel foam electrodes and nanostructured titanium dioxide.
For hydrogen to be widely used as a sustainable energy source, transportation and storage are essential. Transport and storage expenses can be minimised by using chemical hydrogen storage, which stores hydrogen in chemical compounds. Onsite generation of hydrogen, which involves developing small-scale units, can eliminate the need for transportation and reduce overall costs. Government and private sector funding, such as the U.S. Department HFTO (Energy’s Hydrogen and Fuel Cell Technologies Office) and the European Union’s Horizon 2020, is driving research and development in this field (Kopasz et al., 2022). International collaborations between countries and research institutions are accelerating advancements in hydrogen research. The combination of innovative materials, advanced engineering, and collaborative research is opening the door to additional economical and efficient hydrogen production (Arsad S. et al., 2023).
6 RECENT DEVELOPMENTS AND INNOVATIONS IN LITHIUM-ION BATTERY TECHNOLOGY
With notable improvements in energy density, charging speed, and safety, recent developments in lithium-ion battery technology have improved high-performance energy storage in grid storage, electric vehicles, and portable devices while also focusing on cost effectiveness, lifetime, and safety. A thorough depiction of some of the noteworthy developments in Li-ion battery technology can be found here.
6.1 Advanced materials for electrodes
6.1.1 Silicon anodes
Due to its exceptional qualities, including its plentiful supplies, environmental friendliness, exceptional reversible capacity, and a somewhat appropriate working potential, silicon (Si) has garnered a lot of interest as an anode (Zhao H. et al., 2024).
Silicon has a capacity much superior to traditional graphite anodes, it is a material that has the potential to increase energy density. Comparing it with graphite, silicon can store almost 10 times as much lithium. These anodes have energy capacity of approximately 11 times more than that of graphite-based anodes (Zhang C. et al., 2021). While, silicon is inexpensive, safe, and one the abundant elements on earth. Its discharge potential is also extremely low at 0.37 V vs. Li/Li+. But these problems need to be fixed if anodes are being used in military applications. Most silicon-based anodes exhibit low Li+ diffusion rate (≈10–13 cm2s−1), significant volume expansion (≈400%), and poor electronic conductivity (≈10–3 S cm−1). (Toki et al., 2024). The inclusion of carbon materials is a frequent technique for improving conductivity (Figure 15A). Many techniques have been proposed for buffering the volume increase, including pore creation, thin-film manufacturing, and the use of shape-preserving shell designs that can adjust to volumetric changes (Figure 15B). Carbon nanomaterials offer good ionic and electrical conductivity, desirable mechanical properties, and various structural designs for lithium-ion batteries. From Figure 16 it can be observed that a potential approach for Si-based anodes for LIBs is morphological tweaking using nanoparticles, nanowires, nanospheres, and/or nanotubes. Research and development of silicon-based anode materials for lithium-ion batteries that can be recharged are underway.
[image: Figure 15]FIGURE 15 | (A) recommended methodology and illustrative constructions of silicon/carbon composite anodes made using different techniques to boost conductivity [Republished from Ko et al. (2015)]. (B) (a) Diagrams showing the specific capacity and coulombic efficiency of several silicon anodes for 100 cycles at 0.6 a g⁻1 of current density. (b) A rate performance test chart with varying current densities for different silicon anodes. (c) After 100 cycles, the si−lipaa-3 electrode’s semi-images (d) under a high-magnification scanning electron microscope. Reprinted by permission of the Zhu et al. (2024).
[image: Figure 16]FIGURE 16 | (A) The preparation method for the structural characterization of porous Si anodes (B–E) from the displayed HAADF-STEM tomography, porous Si is rebuilt. Porous Si templated from 890-nm pre-sintered silica microspheres before (F, G) and after (H) the CV test are shown in (F–H) SEM pictures. (Reproduced with permission from Ge et al. (2014). Copyright, 2007 Elsevier).
6.1.2 Solid-state electrolytes
As shown in Figure 17, solid-state electrolytes can boost energy density and improve safety by substituting liquid ones because they don't catch fire. These electrolytes are suitable for use with lithium metal anodes and high-voltage cathodes. Ensuring stable interfaces and enough ionic conductivity (Song, 2020). Safe and effective electrolyte systems are necessary for high energy Li batteries. Although confined to cell voltage and with poor electrochemical stability, aqueous electrolytes are a promising class of electrolytes. Although they have limitations in kinetics, low mechanical stability, high electrode/electrolyte resistance, and poor interface stability, inorganic SSEs are nevertheless a promising material (Sun et al., 2022).
[image: Figure 17]FIGURE 17 | (A) Diagrammatic representation of a typical lithium-based solid-state battery, illustrating the direction of ion flow and a few potential choices for the anode, electrolyte, and cathode. Reproduced with permission from Sharma et al. (2024). (B) Diagram showing the bipolar stack solid-state battery cell (Famprikis et al., 2019). (C) The structure of a solid-state battery. (D) How lithium-ion batteries and solid-state batteries work (Qadir et al., 2024).
Small organic molecule ions are the building blocks of OIPCs (organic ionic plastic crystals), which are SSE. Because of their ionic composition, which produces non-volatility and very little vapor pressure even after melting, they are safe. Devices that use OIPCs include capacitors, dye-sensitized solar cells, proton exchange membrane fuel cells, and next-generation high-energy batteries. Important characteristics include their increased interfacial stability and capacity to generate low resistance, stable interphases at electrodes during charge-discharge cycling (Gutierrez-Pardo et al., 2021). Because of their favourable flexibility, OIPCs are interesting electrolyte materials that can enhance solid/solid contact for Solid state lithium batteries (SSLBs). It is essential to comprehend the connection between ion transport and phase behaviours while developing high-performing OIPC-based electrolytes Solid polymer electrolytes (SPEs) are used in higher energy density and all solid-state batteries due to their mechanical integrity and flexibility. They increase battery safety, especially for Li metal batteries. However, their poor coordination with Li+ ions restricts Li+ ion mobility. Ionic liquids and solvents are used as plasticizers or block copolymers to enhance alkali cation transport (Li et al., 2021; Durga et al., 2021).
6.1.3 High-voltage cathodes
The scientific community is focusing on LIB cathodes to increase voltage and capacity. These cathodes come in three varieties: polyanions, spinel, and layered. They have high theoretical capacity but have practical drawbacks like cost, surface deterioration, low conductivity, and lower energy density. To address these issues, the NMC (LiNixMnyCozO2) cathode is developed (shown in Figure 18), addressing issues like cost, surface deterioration, low conductivity, and lower energy density (Das et al., 2023). Each transition metal in the NMC multilayer cathode has a unique set of features.
[image: Figure 18]FIGURE 18 | (A) Diagrammatic representation of the charged NMC cathode materials’ phase stability map during heating. (B) Li1-δ[NixCoyMnz]O2 materials’ DSC values (x = 1/3, 0.5, 0.6, 0.7, 0.8, and 0.85). Reproduced with permission from Tang et al. (2023).
For instance, cobalt provides stability and reduces cation mixing, manganese boosts the operating voltage, and nickel aids in increasing capacity—all of which help electric vehicles (EVs) function better over long distances. In the NMC multilayer cathode, every transition metal has a distinct set of properties. For instance, cobalt provides stability and reduces cation mixing, manganese boosts the operating voltage, and nickel aids in increasing capacity, all of which enhance the performance of electric vehicles (EVs) over long distances. Among the drawbacks of NMC include disordering, oxygen evolution, microcracking, and the irreversible rock-salt phase shift. These issues may lead to decreased capacity and cyclability. By doping NMC with transition and non-transition metals and coating it with metal oxides, phosphates, and fluorides, these can be reduced. Doping with aluminium, niobium, and zirconium improves NMC performance, inhibits unfavourable reactions, and provides better thermal stability. Phase transitions and corrosion are reduced by the coating layer, which acts as a barrier between the cathode and electrolyte. Li et al. were able to stabilise LiNi0.8Mn0.1Co0.1O2(NMC-811), maintain a high capacity, and halt H2O and CO2 processes during storage by doping the material with Al3+ ions (Park et al., 2022). The coating layer protects the electrode from HF produced by electrolytes and acts as an HF scavenger. Liu et al. were able to get 157.6 mAh g−1 at 10C and high capacity retention after 100 cycles after coating LiNi0.815Co0.15Al0.035O2 with LiTiO2 (Li L. et al., 2022). Zou et al. created a Li3PO4-coated NMC-811 cathode that produced 84.6% retention at 1C over 100 cycles following 7 days of air exposure. By reducing side reactions with the electrolyte and causing stability, combined doping and coating/bi-functional coating improved the cathode material. Bao et al. covered a LiNi0.6Mn0.2Co0.2O2 (NMC-622) cathode with ZrO2 and doped it with Zr4+ ions. This produced a twofold protective layer on top of the cathode material and stopped adverse evolutions.
6.2 Fast charging technologies
With 49% of the market share, LIBs are the industry leader, followed by lead-acid (43%), NiMH (4%), and NiCd (3%) (Zhao et al., 2021). Due to its high specific power, high specific energy, and cost savings, low self-discharge rate LIBs are recommended. LIBs do have several drawbacks, too, such lengthy charge periods. For LIBs, 0.5°C–1°C is the optimal charging rate, with the CV phase consuming more than 60% of the charging time. The prolonged charging duration is a substantial obstacle to the general implementation of BEVs, as increasing pack capacity is necessary to alleviate “range anxiety,” which leads to even longer charging durations.
The development of ChgOp systems often involves adhering to LIB’s operational mechanism in order to facilitate quick charging and/or restrict specific AMs. Akira Yoshino created the LIB, an electrochemical energy storage device that uses electrical energy, in 1985, and Sony introduced it to the market in 1991, during discharging and saved, in chemical bonds during charging. It is made up of a separator in lithium salt solution, an anode, and a cathode with two current collectors. Lithium transition-metal oxide, which contains Li-ions for intercalation and de-intercalation during discharging, is typically utilised as the cathode and graphite as the anode. A common cathode material is lithium nickel cobalt aluminium oxide (NCA), followed by lithium nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), and lithium cobalt oxide (LCO). The separator acts as an insulator electrically. Figure 19 illustrates the LFP battery, which has 36% of the LIB market, is a rocking-chair battery because it uses Li-ions to move between electrodes and de-intercalate from LiFePO4.
[image: Figure 19]FIGURE 19 | (A) Mechanistic understanding of the fast-charging based on pulse current to help suppress Li plating on the graphite anode. (B) LiFePO4 battery structure (−) C | LiPF6-EC + DMC | LiFePO4 (+). Reprinted by permission of the Jeong et al. (2023).
7 WATER SPLITTING INTEGRATED WITH RENEWABLE ENERGY SOURCES
The creation of sustainable energy sources is one of the main issues facing humanity today. A workable solution to reduce our need on fossil fuels is green hydrogen. It is produced by electrolyzing water with renewable energy. Given these challenges, relying exclusively on fossil fuels is no longer practical, and it is imperative to investigate accessible and sustainable alternative energy sources. One such alternative that could be crucial in the transition to a more sustainable future is green hydrogen.
7.1 Integration with solar power
Sunlight is converted into electricity by photovoltaic panels, which powers an electrolyzer (Li J. et al., 2022). When sunlight is not available, the electrolyzer transforms water into hydrogen and oxygen, which are then stored and used by a fuel cell to produce energy. Sunlight is converted into electricity by solar panels, which is then either used within the system or sent to an electrolyzer for additional processing. An electrolyzer powered by surplus electricity splits water into hydrogen and oxygen, enabling continuous hydrogen generation. Hydrogen is stored in tanks or underground reservoirs for future use. When electricity demand rises or sunlight is unavailable, stored hydrogen is fed into a fuel cell. Unfortunately, large-scale solar hydrogen generation is not feasible due to the high cost of PV-powered electrolysis, or PV-electrolysis for short (Lee et al., 2022). This drives the development of photoelectrochemical (PEC) cells, which integrate the processes of electrolysis and light harvesting by directly converting solar energy into hydrogen fuel via water photoelectrolysis.
7.2 Integration with wind power
One of the maximum commonly available renewable-energy sources, is wind power. But it has two major drawbacks: it is unstable and variable. Put another way, although wind energy is one of the energy technologies that is developing the fastest, its generation fluctuation is known to be directly related to climatic variability and a growing number of primary technological and economic issues. The “Power-to-Gas” technology is one example of how wind energy may be stored and how hydrogen can be a viable choice. With this method, water is electrolyzed to make hydrogen and oxygen using extra power from wind turbines. After that, when the wind isn't blowing the hydrogen may be stored and utilised to power cars or produce energy. The idea of hydrogen being used as a fuel source is not new. Actually, Sir William Grove initially suggested it in 1839 after he had shown how the fuel cell worked. However, the high expense of manufacturing and storage has hampered the viability of using hydrogen as a common energy source. Recent technological developments have increased the appeal of hydrogen as a storage option for wind energy, including increases in the efficiency of electrolysis and the creation of more affordable storage options (Schrotenboer et al., 2022). Tanks or pipes already in place can be used to store or transport hydrogen, which can also be kept as a liquid or gas. There are still problems that must be set like the necessity of infrastructure to enable hydrogen production, storage, and distribution as well as the requirement to guarantee the security of hydrogen transit and storage (Rasul et al., 2022). On the other hand, hydrogen’s potential as a wind energy storage solution is encouraging and may lessen our reliance on fossil fuels while facilitating the switch to a more sustainable energy system.
8 CHALLENGES AND OPPORTUNITIES
8.1 Challenges and opportunities for lithium ion batteries
Even though LIBs have come a long way since they were first introduced. Prior to LIBs meeting the needs of the automotive sector to the fullest, a number of technological challenges need to be addressed. High energy capacity, numerous charge-discharge cycles, and low self-discharge are lithium-ion batteries’ main advantages over other battery types. It functions as an energy storage device for power systems as well as a power source for electric vehicles. The non-aqueous electrolyte system known as LIBs, with its greater specific energy and energy density, has become a prominent technology in a number of sectors. Compared to aqueous rechargeable chemistries like NiMH and NiCd, they are able to sustain cell voltage levels three times higher (Yuan X. et al., 2021). However, only slight gains in nominal voltages result from the fundamental electrochemical coupling of high-energy devices being unchanged. Most particular energy gains are the result of engineering advances in cell/electrode optimisation and active material capacity. Future electrification projects may face difficulties as the rate of performance improvement has decreased. To direct research into the specific energy of batteries, the automobile industry has issued cathode- and anode-specific energy targets. While the EUCAR objectives reference earlier research on the materials requirements of the automobile industry, the USABC goals transform vehicle-level goals into targets at the materials level. In terms of useful value, petrol gives 5.3 kWh/kg, with an outstanding engine thermal productivity of 41% and an exceptional energy storing capacity of 12.9 kWh/kg (Masias et al., 2021). Although the USABC and EUCAR have different publication dates, vehicle-level aims, and goal-setting techniques, their gravimetric method and volumetric goals are similar. Comparing cathode targets also reveals similar, though not perfect, energy storage figures for gravimetric and volumetric methods. The materials chemistry community should be encouraged by the two consortia founded on automakers that have aligned their materials aims. One of the main obstacles to battery electric cars’ (BEVs’) acceptability in the market is their high cost in association to ICEVs (internal combustion engine vehicles).
This technology also has some drawbacks which make it somewhat challenging for the sustainability purpose. Li is an expensive metal. The cost of raw materials and refinement procedures rises due to the use of rare metals in lithium-ion batteries. As a result, lithium battery costs can differ between brands and be somewhat more expensive. It might be difficult to fix lithium-ion batteries because of their sophisticated technology and compliance with international safety regulations. Extreme temperatures have the potential to harm lithium batteries, which could pose a safety risk. Maintaining an incorrect temperature rate, performance degradation, temperature non-uniformity, and low-temperature performance are a few heat-related issues that Li-ion batteries encounter. Because of high cost of materials and the intricacy of the engineering involved, the battery pack is frequently the most costly part of an EV. However, over the past 10 years, significant investments in battery production capacity and a decline in the amount of cobalt in cathodes have allowed for an 80% cost reduction. If this trend continues, total cost of ownership parity between ICEVs and BEVs will be closer than it has ever been. Since purchase price parity is still elusive, further cost reduction is required to enhance market adoption. For long-distance users, particularly those without access to overnight or workplace charging, charging time is a major problem. Customers may charge up to 350 kW at speeds of up to 80% SOC with direct current fast charging, which can provide several hundred miles of range in around 40 min. However, faster charging rates are still the better option, especially for drivers without access to overnight or workplace charging. While the U.S. DOE’s long-term goal for ultra-rapid charging is 200 miles in 7.5 min, the USABC intends to attain 80% SOC in 15 min. LIBs have a high energy density due to their low electrochemical potential; however, this also raises the risk of accidental lithium plating, which can lead to irreversible capacity loss, reduced performance, and an elevated risk of thermal runaway and short circuiting. To improve rapid charging, new electrode chemistry, thermal management, and electrode engineering can be applied at the cell and battery levels. Electrode engineering can reduce voltage polarisation and facilitate lithium intercalation by adjusting thicknesses and porosities. Furthermore, electrode engineering can be used to modify the power-to-energy ratio of cells in a variety of ways.
As Figure 20 demonstrates, since its introduction, the LIB has undergone significant progress, enabling its specific energy content to almost triple. The more than threefold increase in LIB life satisfies most automotive calendar and cycle life requirements; nevertheless, complicated control methods and the preservation of cell energy reserves are still required. Furthermore, there has been a nearly two-fold reduction in LIB expenses. As practical pack sizes and battery system charge rates increase, fast charging has emerged as a new automotive goal. The initial energy content of LIBs, which is approximately 350 Wh/kg total cell energy, is not enough to meet automotive energy objectives when converted to useful, pack end-of-life values. Consequently, a number of Beyond Lithium Ion (BLI) research initiatives were started.
[image: Figure 20]FIGURE 20 | (A) a cross-sectional SEM picture of CNFs reveals sulfur deposition all over the cathode. (B) Diagram showing the carbonate-based electrolyte discharge from a lithium-sulfur battery. (C) CNFs in a SEM picture prior to deposition. (D) a cross-sectional SEM picture of CNFs reveals after sulfur deposition all over the cathode. Republished with authorization from Pai et al. (2022).
8.2 Challenges and opportunities for water splitting
Analysing the difficulties related to photocatalytic overall water splitting is crucial because, although the process of producing hydrogen by photocatalytic overall water splitting is intriguing, the photocatalytic efficiency is not adequate. Photocatalytic total water splitting is very challenging due to several issues, including unfavourable thermodynamics, slow kinetics, dissolved oxygen, backward reaction, and side reaction. These challenges need to be solved for photocatalytic overall water splitting to be effective. An attractive and practical alternative to total water splitting is the combination of selective organic synthesis and selective organic synthesis to produce hydrogen (Navalón et al., 2022). Value-added oxidation products can be produced from the organic compounds by single-electron processes, which are far simpler to manage than four-electron oxygen. Our basic understanding of the activity trends in the two half-reactions of water splitting has rapidly advanced over the last few decades; however, valid and reliable reaction descriptors remain elusive, especially for OER and HER in the alkaline media, which are essential for controlling the structure design of promising catalysts and catalytic activity. Therefore, it is essential to develop advanced characterization techniques (such as in situ spectroscopic approaches) and theoretical simulation to clarify the underlying chemical process at the molecular level (Atkins et al., 2022).
The significant energy losses in a single cycle of hydrogen storage are a significant disadvantage. Regretfully, the water splitting process itself is an uphill reaction that is thermodynamically unfavorable and necessitates a certain external voltage (1.23 V in an ideal scenario) (YANG). Furthermore, in order to successfully create hydrogen and oxygen, a viable electrode surface must have a high activation energy. In order to counteract the energetically unfavorable aspect of water splitting, additional bias is introduced to the system. Only activation energy, which is discovered to be connected with the over-potential (η), can be decreased by utilizing optimal catalysts because the enthalpy change (equals to thermodynamic potential of 1.23 V) is intrinsic to the process (Zhang et al., 2022). In order to lessen the additional energy loss at high current density, extensive research has been done to enhance the bulk and surface characteristics of HER or OER catalysts. Since noble metals are expensive and require inadequate storage, it is best to use as many atoms as possible. Nevertheless, increasing the single metal atom loading content may lead to metal atom aggregation and decreased catalytic activity because to the high surface energy. Therefore, it is essential to develop the high loading concentration and efficient dispersion of isolated atomic catalysts for long-term electrocatalysis (Zhang and Guan, 2020). High activity, selectivity, and stability bifunctional catalysts for both OER and HER are expected to be produced. By making the equipment and operating procedure simpler, this will aid in the industrialization of water splitting in the future.
Over the last 10 years, significant progress has been made in Si-based LIBs. However, cycle instability has gained attention recently since it is a critical component of half/full-battery design and has a major impact on the weight of the constructed battery as well as the consumption of active components (Zhao H. et al., 2024).
9 POTENTIAL SYNERGIES, TECHNOLOGICAL ADVANCEMENTS, AND POLICY INITIATIVES FOR LIBS AND WATER SPLITTING
9.1 Potential synergies: integrated energy systems
9.1.1 Hybrid systems
Growing energy demands and environmental concerns from fossil fuel misuse are driving the search for alternative energy sources. LIBs and electro-catalytic water splitting have gained popularity as efficient energy conversion and storage using electrochemistry techniques. These devices are incredibly efficient, pollution-free, and sustainable. High energy density LIBs are widely employed in industry; electro-catalytic water splitting of electrical energy may provide green H2 energy. Hydrogen is used as fuel in fuel cell electric vehicles, which have zero emissions. Hydrogen is created during the water splitting process and is used as a long-term energy storage device. On the other hand, lithium-ion batteries provide incredibly effective temporary storage.
9.1.2 Renewable energy integration
Sharp fluctuations in supply and demand can be mitigated using lithium-ion batteries, and during periods of low demand, water splitting can use additional renewable energy. By storing excess energy from sources like wind and sunshine and releasing it when demand is high or output is low, both technologies can help stabilise the grid.
9.2 Technological advancements
Bifunctional electrocatalysts are necessary for water splitting due to their low price, high activity, and reasonably priced synthesis methodologies (Wang et al., 2020). These catalysts stabilise the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) in the electrolyte over an extended period of time. To encourage the development of hydrogen fuel, scientists are producing a range of bifunctional electrocatalysts with different performance levels. Sulphides, nitrides, phosphides, transition metal oxides, and selenides are possible transition metal options for water electrolysis. For total water splitting, Ni foam-based Ni3S2/MnS–O nanosheets served as the anode and cathode, requiring a voltage of 1.54 V at a current density of 10 mA cm−2 (Meng et al., 2024). For long-term water splitting, metal-free electrocatalysts are a possible substitute for metal-based electrocatalysts due to their higher action, superior constancy, and cost effectiveness. Pulse laser technology has been extensively used in time-resolved characterization techniques, including transient absorption and fluorescence spectrum analysis (Mezzetti et al., 2022). Laser ablation (LAL) is a technique used to create nanomaterials like nanowires, nanoparticles, and clusters. However, LAL is costly and complex, making it less suitable for energy materials. Laser Ablation in air (LAA) is a quicker and easier method for direct fabrication of energy materials in ambient air. LAA treats finished products as unique modifications of the raw materials, making it a versatile material manipulator. LAA treatment can dramatically increase a material’s activity in just a few minutes, making it a viable technique for the energy-related sector. Recent studies using LAA in energy-related catalysis have demonstrated its enormous promise for regulating and managing catalytic materials (Lal and Sundara, 2022; Maragkaki et al., 2021). Because of the increased demand for electricity and decreased reliance on traditional energy supplies, the amount of Renewable Energy Sources (RES) in the electrical grid is growing at a rapid pace. Since the need for electrical energy has risen in industries such as manufacturing, transportation, and communication, micro grids may effectively combine renewable energy resources with Energy Storage Systems (ESS). Although RES are plentiful, environmentally benign, and scalable, they have poor load following and are not dispatchable. By offering storage solutions like batteries, flow batteries, and supercapacitors, ESS can get around these restrictions. By supporting various energy sources, addressing power intermittency problems, enhancing power quality, and offering frequency and voltage management, ESS contributes significantly to the production of electricity. Batteries, supercapacitors, flywheels, CAES (compressed-air energy storage), SMES (superconducting magnetic energy storage), hydrogen storage and pumped hydro, systems are just a few of the energy storage technologies that have been created. Systems for storing battery energy are seen as disruptive developments in the power industry that have the ability to alter the way electricity is provided in the future. If storage prices continue to decline with the help of state administrative actions, the potential market for storage might increase by 55,000 MW over the next 10 years.
10 CONCLUSION
In conclusion, two technologies that have demonstrated exceptional promise for improving our ability to produce and store energy are water splitting and lithium-ion batteries. The convergence of water splitting and LIB technologies represents a pioneering step in field of green energy. Both technologies exclusively have exhibited immense potential in handling the global energy crisis, and their integration could open the door to sustainable and high performing. Hydrogen, as a zero-emission fuel, can significantly reduce our dependency on oil, coal, and natural gas and mitigate GHG emissions. Its applications span various sectors, encompassing transportation, industry, and power generation. On the other hand, by enabling the energy storage which is generated from renewable sources, Li-ion batteries contribute to grid stability and ensure a consistent energy supply. Through the use of Transition Metal based catalysts, recent developments in water splitting technologies have increased catalytic efficiency. By using materials with nanostructures, these catalysts’ surface area and reactivity can be increased, improving their efficiency. Solid oxide electrolyzers (SOEs) and proton exchange membrane (PEM) electrolyzers are two more significant advancements in this field. They showed great strength and efficiency. PEM electrolyzers in particular have an advantage because they can generate high-purity hydrogen while operating at low temperatures. The performance and durability of electrolyzers have been further enhanced by advancements in membrane materials and electrode design. Higher solar-to-hydrogen conversion efficiencies are the result of advancements in photoelectrochemical cells (PECs) and semiconductor material optimisation. The development of co-catalysts and light-absorbing materials, along with photocatalytic water splitting, holds promise for a large-scale creation of hydrogen. Investigating new electrode materials is one of the main developments in LIBs. Graphite anodes are being replaced by materials based on silicon. Although they have a greater capacity, these have difficulties when it comes to volume growth. Utilising composite materials and nanostructures, this problem is being solved. Li-ion batteries’ energy density has increased on cathode side as an outcome of the switch from cobalt-based to nickel-rich cathodes. Cathodes rich in nickel offer greater stability and capacity. Additionally, the safety and cycle life of batteries have been enhanced by the development of lithium iron phosphate (LFP) cathodes, making them appropriate for uses such as grid storage. Li-ion battery electrolytes and separators are also essential parts. Solid-state electrolytes offer a promising way to enhance energy density and ensuring safety. Solid-state batteries allow use of lithium metal anodes, which have a higher capacity than graphite, and eradicate the danger of leakage and thermal runaway linked to liquid electrolytes. An energy system with greater coherence and efficiency could be achieved through the combination of Li-ion battery technology and water splitting. The ability to use excess renewable energy for water splitting to yield hydrogen, that can be stored and utilised in fuel cells or combined with Li-ion batteries for hybrid energy storage solutions, is one of the integration’s most alluring features. Hybrid systems that integrate Li-ion batteries and hydrogen fuel cells can benefit from each technology’s advantages.
Fuel cells use hydrogen to produce energy continuously, whereas Li-ion batteries have a high power output and fast response times. Energy systems for electric cars and stationary storage applications may become more effective as a result of this collaboration. Furthermore, an inventive strategy is the creation of integrated systems that make use of the oxygen produced by water splitting in Li-ion battery chemistries. Lithium-air batteries, which have the potential to achieve higher energy densities than traditional Li-ion batteries, can use oxygen, according to research. These integrated systems have the potential to greatly improve energy generation and storage’s overall sustainability and efficiency. Although the combination of Li-ion battery technology and water splitting shows promise, there are still a number of obstacles to overcome. Further improvements in water splitting’s cost and efficiency are required to make hydrogen production more cost-effective. The optimisation of electrolyzer technologies is just as important as the development of robust and reasonably priced catalysts. It is imperative to tackle concerns pertaining to material accessibility, safety, and recycling in the context of Li-ion batteries. Li-ion battery technology will be greatly impacted by the switch to more abundant and sustainable anodes and cathodes made of silicon rather than cobalt. In order to guarantee the smooth functioning of fuel cells and batteries, the development of hybrid energy systems necessitates sophisticated control and management techniques. For these technologies to be widely adopted, it will also be essential to integrate them into the current energy infrastructures and to establish regulatory frameworks that support them. Finding sustainable energy solutions has advanced significantly with the combination of Li-ion battery and water splitting technologies. Both technologies have advanced remarkably on their own, and their combination provides a way to create energy systems that are more ecologically friendly and efficient. We are able to develop hybrid systems that improve renewable energy storage and utilisation by utilising the advantages of each technology. The prospect for these integrated systems to completely transform the energy landscape is becoming more and more real as long as research and development keep working to overcome the remaining obstacles. Water splitting in conjunction with Li-ion batteries is an example of next-generation technologies can collaborate to create sustainable energy in the future. By means of persistent innovation and cooperation, we can make progress towards a future in which everyone has access to clean and dependable energy.
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