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Lithium batteries have emerged as one of the most advanced energy storage 
technologies in recent decades, playing a crucial role in transforming industries 
such as electric vehicles, portable electronics, and renewable energy systems. Due 
to their high energy density, long lifespan, and lightweight design, lithium batteries 
have become a preferred alternative to older technologies like nickel-cadmium and 
lead-acid batteries. However, the development and optimization of these batteries 
face challenges such as safety concerns, performance degradation under extreme 
temperatures, and the limited availability of critical raw materials like lithium and 
cobalt. This article provides a comprehensive review of lithium battery 
technology, including recent advancements in active material structures, electrode 
design, and manufacturing processes. Nanotechnology, in particular, has played a 
significant role in enhancing the performance, safety, and sustainability of lithium 
batteries. The use of nanomaterials such as nanocomposites, nano electrolytes, and 
nanostructured electrodes has led to improvements in energy density, safety, and 
cycle life. Furthermore, the article addresses current technological challenges and 
explores innovative solutions, including the use of alternative materials, advanced 
thermal management techniques, and nanotechnology applications in cell design. 
The future outlook of this technology is discussed, with an emphasis on improving 
sustainability, reducing costs, and enhancing safety. This review aims to provide 
valuable insights for researchers, engineers, and policymakers, guiding the 
continued development of lithium batteries toward achieving clean and sustainable 
energy solutions. 
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1 Introduction 

 
In recent decades, lithium batteries have emerged as one of the 
most significant and advanced energy storage technologies, 
rapidly replacing traditional systems such as nickel-cadmium 
and lead-acid batteries. This rapid growth is attributed to the 
superior characteristics of lithium-based batteries, including 
high energy density, lightweight design, long cycle life, and 
excellent charge/discharge efficiency. These attributes make 
lithium batteries ideal for a wide range of applications, 
including electric vehicles (EVs), portable electronic devices, 
and renewable energy storage systems [1–3]. The increasing 
global demand for clean, reliable, and efficient energy sources 
has further emphasized the critical role of developing and 
optimizing advanced energy storage technologies particularly 
lithium-based systems. 
Research in lithium battery technology has made substantial 
progress since the late 20th century, especially in the design of 
active materials and electrode structures aimed at improving 
capacity, longevity, and safety [4–6]. Among the most 
impactful innovations is the integration of nanotechnology, 
which has introduced transformative advances in battery 
performance. Nanostructured materials such as nanoscale 
cathodes, anodes, and electrolytes have demonstrated 
significant benefits, including enhanced ionic conductivity, 
increased surface area for electrochemical reactions, and 
reduced diffusion distances for lithium ions [7]. These 
properties contribute to higher capacity retention, improved 
charge/discharge rates, and better thermal and mechanical 
stability. 
The application of nanotechnology extends across various 
components of lithium batteries. For instance, nanocomposites 
and nanostructured electrodes have enabled faster ion transport 
and improved electron conductivity, while nanoengineered 
solid-state electrolytes offer potential solutions to safety 
concerns by reducing flammability and leakage risks. 
Moreover, nanoscale coatings and surface modifications have 
shown promise in stabilizing electrode interfaces and 
mitigating degradation mechanisms, especially under high-
temperature or high-rate cycling conditions [8,10]. 
Despite these technological strides, lithium battery systems 
still face several unresolved challenges. One of the most 
pressing concerns is safety, as lithium-ion cells are prone to 
thermal runaway, leading to risks of fire and explosion, 
particularly during fast charging or in high-temperature 
environments [9–11]. Another major issue involves capacity 
fading and performance loss under extreme environmental 
conditions, which limits the reliability of batteries in real-
world applications. In addition, the heavy reliance on critical 
and non-renewable materials such as lithium, cobalt, and 
nickel raises concerns regarding long-term sustainability, 
resource scarcity, and environmental impacts from mining and 
recycling processes [12–14]. 

This review article offers a comprehensive and critical 
examination of lithium battery technologies, with a particular 
focus on recent nanoscale innovations, current technical 
barriers, and emerging trends aimed at overcoming these 
challenges. The novelty of this review lies in its 
interdisciplinary approach bridging materials science, 
nanotechnology, electrochemistry, and environmental 
engineering to present an integrated perspective on how 
advanced materials and manufacturing strategies can enable 
the next generation of safe, efficient, and sustainable lithium 
batteries. 
The main objective of this article is to provide a holistic and 
up-to-date overview of the state of lithium battery technology, 
highlighting the crucial role of nanotechnology in addressing 
performance, safety, and sustainability challenges. This 
review aims to serve as a valuable reference for researchers, 
engineers, and policymakers by outlining key developments 
and proposing future directions for innovation in lithium 
battery systems. 

2 Fundamentals of Lithium-ion Battery 
Technology and Their Functional 
Structure 

Lithium-ion (Li-ion) batteries are among the most prominent 
and effective energy storage technologies of the present era. 
These batteries rely on electrochemical reactions between 
active electrodes and the electrolyte, offering high energy 
density, long cycle life, and lightweight design [15 ,16]. This 
section explores the fundamental principles of operation, the 
main components, common types, and key features of lithium-
ion batteries, providing a conceptual foundation for the 
subsequent analyses. 

2.1 General Structure of a Lithium-ion 
Battery 

A typical lithium-ion cell consists of three primary 
components: 
Cathode (Positive Electrode): Generally made from transition 
metal compounds like LiCoO₂ (lithium cobalt oxide), 
LiFePO₄ (lithium iron phosphate), or NMC materials (nickel-
manganese-cobalt) [17]. 
Anode (Negative Electrode): Usually composed of graphite, 
but in recent years, silicon-based compounds have been 
introduced to enhance capacity [18]. 
Electrolyte: A liquid or solid solution that enables the 
movement of lithium ions between the anode and cathode. The 
most common electrolyte comprises a lithium salt (LiPF₆) 
dissolved in organic solvents like carbonates [19]. 
Additionally, a separator is placed between the anode and 
cathode to prevent direct contact, thus avoiding short circuits 
while still allowing lithium ions to pass through. The general 
structure of a lithium-ion battery is illustrated in Figure 1. 
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Figure 1. The Four Components of Li-ion Battery 

2.2 Mechanism of Operation 

The core operating mechanism of lithium-ion batteries is based 
on reversible electrochemical reactions during charging and 
discharging cycles: 
During Charging: Lithium ions are extracted from the cathode 
and travel through the electrolyte to be embedded in the 
layered structure of the graphite (or silicon) anode. 
During Discharging: The lithium ions are released from the 
anode and migrate back to the cathode; simultaneously, an 
electron flow through the external circuit generates the electric 
current [20]. 
This reversible process is one of the primary reasons for the 
long cycle life and rechargeability of these batteries. The 
following reaction, for instance, illustrates the cathode half-
reaction in a lithium-ion battery with a LiCoO₂ cathode. 
Example: In a typical Li-ion battery with a graphite anode and 
LiCoO₂ cathode, the cathode half-reaction is as follows: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿₂ ⇌  𝐿𝐿𝐿𝐿⁺ +  𝑒𝑒⁻ +  𝐶𝐶𝐶𝐶𝐶𝐶₂ 
When the lithium-ion battery discharges, as shown in Figure 2 
positively charged lithium ions (Li+) move from the negative 
anode to the positive cathode. They do this by moving through 
the electrolyte until they reach the positive electrode. There, 
they are deposited. The electrons, on the other hand, move 
from the anode to the cathode. 

 
Figure 2. The Discharging Process of the Lithium-ion Battery 

When you charge a lithium-ion battery, as shown in Figure 3 
the exact opposite process happens. The lithium ions move 
back from the cathode to the anode. The electrons move from 
the anode to the cathode. As long as lithium ions are making 
the trek from one electrode to another, there is a constant flow 
of electrons. This provides the energy to keep your device 
running. Since this cycle can be repeated hundreds of times 
[20], this type of battery is rechargeable. 

 
Figure 3. The Charging Process of the Lithium-ion Battery 

2.3 Common Types of Lithium-ion 
Batteries 

Lithium-ion batteries are categorized into several main types 
based on their active material composition and intended 
application (as shown in Figure 4): 
Li-ion (Lithium-ion): The most common type, known for high 
energy density, suitable for applications such as mobile 
phones, laptops, and electric vehicles [21]. 
LiFePO₄ (Lithium Iron Phosphate): Known for higher safety 
and thermal stability, making them ideal for solar energy 
systems, electric motorcycles, and home energy storage [22]. 
LiPo (Lithium Polymer): Featuring gel or semi-solid 
electrolyte structures, these are lightweight and flexible but 
more sensitive to temperature and impact. 
Solid-state Batteries: A next-generation technology utilizing 
solid electrolytes instead of liquid ones, offering the potential 
for improved safety and energy density [23]. 

 
Figure 4. Types of Lithium-ion Batteries and Their Applications 

2.4 Key Performance Characteristics 

There are four key characteristics that are often used to 
evaluate lithium-ion batteries: 

1. Energy Density (Wh/kg): Lithium-ion batteries can store 
up to 250 Wh/kg of energy, significantly higher than 
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other technologies such as NiMH or lead-acid batteries 
[24]. 

2. Cycle Life: Lithium-ion batteries typically support 
between 500 to 2000 charge/discharge cycles before 
performance degrades significantly. 

3. Coulombic Efficiency: The ratio of charge extracted to 
charge put into the system, which is usually above 99% 
for lithium-ion cells [25]. 

4. Self-discharge Rate: Relatively low (less than 5% per 
month), making them suitable for long-term energy 
storage. 

lithium-ion batteries remain at the forefront of energy storage 
technologies due to their superior performance, design 
flexibility, and customizability for various applications. 
However, a thorough understanding of their structural 
components, materials, and electrochemical reactions is 
essential for driving innovation and optimizing performance. 
In subsequent sections, the challenges, solutions, and future 
development perspectives of this technology will be explored 
in detail. 

3 Advances in Materials and System-Level 
Design of Lithium Batteries 

Due to the ever-increasing demand for high energy density, 
safety, and longevity, substantial attention has been devoted to 
revolutionizing lithium battery materials, cell architectures, 
and solid-state technologies in recent years. This section 
presents key breakthroughs in electrode materials (both anodes 
and cathodes), electrolytes, novel cell architectures, and 
sustainable design paradigms. 

3.1 Advanced Anode Materials: From 
Graphite to Silicon and Lithium Metal 

Conventional graphite anodes, with a limited theoretical 
capacity of \~372 mAh/g, are being steadily replaced by 
silicon-based anodes, which offer much higher theoretical 
capacity (\~4200 mAh/g) [26]. However, silicon’s severe 
volumetric expansion (\~300%) during lithiation/delithiation 
poses major challenges for structural integrity and cycling 
stability [27]. 
To overcome this, researchers have developed strategies such 
as nanoscale silicon structures, silicon–graphene composite 
blends, elastic binders, and yolk–shell architectures that can 
cope with volume changes [28]. Moreover, lithium-metal 
anodes are experiencing a resurgence in solid-state batteries 
due to their high capacity and compatibility with solid 
electrolytes [29]. 

3.2 High-Energy, Stable Cathode Materials 

While cathodes like LiCoO₂ and NMC (Nickel–Manganese–
Cobalt) offer high energy density, they face structural 
instability, surface degradation at high voltage, and high cost. 

Newer nickel-rich cathode formulations (e.g., NCA and Ni-
rich NMC) push capacity further but introduce issues related 
to thermal instability and surface reactivity [30]. 
Surface coatings such as Al₂O₃ or ZrO₂ and more stable 
electrolyte formulations have proven effective in mitigating 
these issues [31,50]. Parallel efforts are focused on cobalt-free 
cathodes, including LiMn₂O₄ and LiFePO₄, which offer 
improved safety, cost, and sustainability profiles [32]. 

3.3 Novel Electrolytes: Transitioning from 
Liquids to Solids 

Conventional liquid electrolytes provide high ionic 
conductivity but are volatile, flammable, and chemically 
unstable. To address these safety concerns, researchers are 
increasingly turning to solid-state electrolytes (SSEs) 
composed of polymeric (e.g., PEO-based) or ceramic (e.g., 
LLZO, LIPON) materials. SSEs enhance safety, suppress 
dendrite formation, and support the use of lithium-metal 
anodes [33]. 
However, challenges such as lower room-temperature 
conductivity, high interfacial resistance, and scale-up 
difficulties remain. Composite electrolytes that combine 
polymers and ceramics seek to balance conductivity with 
manufacturability [34]. 

3.4 Innovative Cell Architectures and 
Battery Design 

Material advances alone are not enough cell-level design 
innovations also yield substantial benefits. These include: 
Stacked cell formats to maximize volumetric energy density. 
Tables design (e.g., Tesla’s 4680 cells) to reduce internal 
resistance and enhance thermal performance [35,36]. 
Integrated thermal management systems for enhanced safety 
and operational reliability. 
Structural batteries, which integrate energy storage into load-
bearing components of electric vehicles, optimizing weight 
and space usage. 

3.5 Sustainable and Recyclable Design 
Strategies 

Alongside performance improvements, environmental 
sustainability has become a central design consideration. 
Research is now focusing on recyclable materials, eco-friendly 
cell formulations, and closed-loop recycling processes [37]. 
There is also growing interest in organic or bio-inspired 
batteries made from biodegradable polymers, offering proper 
performance with minimal ecological footprint [38]. 
Recent advances in electrode materials, electrolyte chemistry, 
and battery architecture have paved the way for next-
generation lithium batteries. With innovations like silicon and 
lithium-metal anodes, nickel-rich and cobalt-free cathodes, 
solid-state electrolytes, and smart cell designs, we are closer 
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than ever to achieving high-performing, safe, and sustainable 
energy storage. Nevertheless, challenges remain in terms of 
durability, scalability, and cost, warranting further research 
and development. 
Environmental sustainability in the design and production of 
lithium-ion batteries has become a primary focus in the energy 
and transportation industries. As electric vehicles (EVs) and 
portable electronic devices rapidly expand, the demand for 
lithium-ion batteries has led to an increasing need for effective 
recycling methods and recyclable battery designs. Many 
companies are working on innovative approaches that, in 
addition to enhancing performance, help improve 
sustainability and reduce the environmental impacts of battery 
production. One of the key advancements in this area is the 
concept of closed-loop recycling and circular economy 
models. In these models, materials from spent batteries are 
recovered and reintroduced into the production cycle of new 
batteries. This approach is particularly effective in reducing 
dependence on critical raw materials such as cobalt, nickel, 
and lithium, the extraction of which is both costly and 
environmentally damaging [102]. 
Redwood Materials, a leader in the field of closed-loop 
recycling, has developed advanced hydrometallurgical 
processes to recover essential metals from used batteries. The 
process can reclaim up to 95% of the necessary metals for the 
production of new batteries. Since cobalt, nickel, and lithium 
are widely used in lithium-ion batteries, reusing these metals 
can reduce production costs and lower the environmental 
footprint caused by their extraction. Additionally, Northvolt, 
with its facility in Sweden, exemplifies a major development 
in the recycling industry. The Northvolt Ett factory not only 
produces high-performance lithium-ion batteries but also 
integrates recycling technologies to recover valuable materials 
from spent batteries. Northvolt Ett uses innovative 
technologies to improve the sustainability of battery 
production, aiming to source 50% of the materials for new 
battery production from recycled resources by 2030. 
Furthermore, this facility contributes to the advancement of 
solid-state battery technologies, which, with their simpler 
structure and reduced use of hazardous materials, offer higher 
recyclability [103]. 
In terms of using more sustainable materials in battery design, 
leading companies like CATL and BYD are increasingly 
adopting lithium iron phosphate (LFP) batteries. These 
batteries offer higher safety, longer lifespan, and better 
recyclability compared to cobalt-based alternatives. LFP 
batteries, due to their use of more abundant and non-toxic 
materials, have become an attractive choice for producing 
more sustainable and lower-cost batteries. CATL, one of the 
world's largest battery manufacturers, has extensively 
deployed LFP batteries in electric vehicles and large-scale 
energy storage systems. The company has leveraged advanced 
technologies to achieve high performance with LFP batteries 
while also contributing to the shift toward cleaner, more 
sustainable energy. Similarly, BYD utilizes advanced LFP 
technology across its range of electric vehicles and energy 

storage products. These batteries, in addition to offering 
greater stability and safety, are also less costly compared to 
cobalt-based options [104]. 
Other companies are also playing a significant role in battery 
recycling and sustainable design. Li-Cycle, an innovator in 
battery recycling, uses state-of-the-art hydrometallurgical 
processes to recover up to 95% of materials from spent 
batteries. This company has significantly improved recycling 
efficiency while reducing energy consumption in the process. 
Umicore, another leader in recycling, uses pyrometallurgical 
methods to recover battery materials, enabling their reuse in 
new battery production. These companies are not only 
enhancing recycling efficiency but also contributing to the 
overall improvement of the battery industry's sustainability 
[105]. 
Finally, another important approach in recycling and 
sustainability is Design for Recycling (DfR), where 
manufacturers specifically design batteries to make their 
recycling process easier. Tesla has notably incorporated these 
principles into its design of 4680 cells. These cells are 
designed in a way that allows materials to be easily separated, 
simplifying the recycling process. Moreover, Tesla's use of 
cobalt-free nickel and LFP batteries in its designs aims to 
reduce the environmental impact of battery production while 
enhancing recyclability throughout their lifecycle. These 
efforts demonstrate Tesla's commitment to producing electric 
vehicles with minimal environmental impact and a higher 
recycling potential [106]. 
In conclusion, the continuous advancements in battery 
recycling, Design for Recycling, and the use of more 
sustainable materials such as LFP are shaping the future of the 
battery industry. Companies such as Redwood Materials, 
Northvolt, CATL, BYD, and Li-Cycle are at the forefront of 
these developments, offering more sustainable and recyclable 
models for battery production and recycling. 

3.6 Nanotechnology in Lithium Battery 
Materials and Design 

Recently, nanotechnology has emerged as a groundbreaking 
field with the potential to revolutionize Li-ion battery 
technology as it holds great promise for enhancing its 
performance and sustainability. Researchers can enhance the 
properties and performance of Li-ion batteries by affecting 
nanomaterials to address the various limitations that are 
associated with conventional batteries. 
Nanotechnology has played a pivotal role in the advancement 
of lithium-ion batteries, thanks to its unique characteristics 
such as high surface area, enhanced mechanical strength, and 
exceptional electrical properties. Particularly in anode 
materials, the use of silicon nanowires (Si-nanowires), first 
reported by Chan et al. at Stanford University [84], has 
significantly increased the theoretical capacity of lithium-ion 
batteries, with silicon offering up to 10 times the capacity of 
graphite. These structures, capable of withstanding volumetric 
expansion of up to 400%, have demonstrated remarkable 
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stability, retaining about 75% of their theoretical capacity after 
more than 100 charge-discharge cycles without structural 
degradation [85,86]. At the industrial level, Amprius 
Technologies has pioneered the mass production of silicon 
nanowire-based anodes, achieving an energy density of over 
500 Wh/kg and rapid charging capabilities, reaching 80% 
charge in less than 6 minutes. This technology has been 
utilized in high-performance applications such as the Airbus 
Zephyr drone [87,88]. Furthermore, the company is now 
expanding production for use in electric vehicles and 
aerospace applications, demonstrating the scalability of this 
technology [89]. 
In cathodes, the application of nano-coatings of Al₂O₃ and 
TiO₂ has been shown to mitigate unwanted reactions at high 
voltages, improving thermal stability and overall longevity 
[90]. Nanocrystalline LiFePO₄ structures, for instance, have 
been employed to enhance conductivity and enable rapid 
charge/discharge cycles. Regarding electrolytes, polymer-
ceramic nanocomposites, such as PEO combined with LLZO 
or LIPON particles, have significantly boosted ionic 
conductivity while reducing the interfacial resistance between 
the electrode and electrolyte [91]. These nanocomposites are 
also increasingly applied in solid-state batteries, which provide 
enhanced safety and higher energy density compared to 
conventional liquid electrolyte batteries [92]. 
On the structural level, 3D nanostructured architectures 
featuring Si-nanowires coated with metallic substrates have 
been developed to significantly improve both ionic and 
electronic conductivity. These advancements have enabled 
battery capacities exceeding 3500 mAh/g with extended cycle 
life [93]. Additionally, the use of nano-phase change materials 
(nano-PCMs) for thermal management systems has proven 
effective in mitigating thermal runaway risks and improving 
the safety of the cells [94]. 
Despite these promising advancements, challenges remain, 
such as the high cost of precise nanostructure fabrication, 
environmental concerns related to metallic nanoparticles, and 
the need for industrial standardization. The future of 
nanotechnology in lithium-ion batteries looks bright: advances 
in cost-effective nanostructure production, comprehensive 
bio-environmental studies, and the integration of 
nanotechnology with molecular simulations and artificial 
intelligence will pave the way for the next generation of 
batteries with higher capacities, enhanced safety, and greater 
sustainability. 

4 Technical, Safety, and Environmental 
Challenges of Lithium Batteries 

Despite the remarkable progress in lithium battery 
technologies, these systems still face a range of critical 
challenges that limit their optimal performance and 
widespread adoption. These challenges can be broadly 
categorized into technical, safety, and environmental 
concerns. This section explores each of these areas in depth. 

4.1 Technical Challenges 

One of the foremost technical issues in lithium-ion batteries is 
capacity degradation and limited cycle life. Factors such as 
lithium dendrite formation on lithium-metal anodes can lead to 
internal short circuits and early failure of the cell [39]. 
Additionally, side reactions at the electrode electrolyte 
interface result in the formation of a solid electrolyte 
interphase (SEI) layer, which, although initially stabilizing, 
gradually increases internal resistance and degrades 
performance over time [40]. 
Another concern is the poor ionic conductivity of electrolytes 
at low temperatures, as well as thermal instability at elevated 
temperatures, both of which reduce efficiency and pose 
operational risks [41]. 

4.2 Safety Challenges 

Due to the flammable and volatile nature of most organic 
liquid electrolytes, lithium batteries are inherently susceptible 
to thermal runaway, fire, and explosions. These safety risks are 
often triggered by overheating, mechanical abuse, or internal 
short circuits caused by dendrite growth [42]. 
The push for higher energy density often comes at the cost of 
increased safety risks, making thermal management systems 
and intrinsically stable materials critical components in the 
next generation of battery design [43]. 

4.3 Environmental Challenges 

As the volume of lithium battery production and consumption 
grows, end-of-life management becomes an increasingly 
urgent environmental issue. Spent batteries contain toxic 
materials such as cobalt, nickel, and lithium, which, if not 
properly recycled, can contaminate soil and groundwater [44]. 
Current recycling methods are hindered by high costs, 
technical complexity, and low metal recovery rates, 
necessitating the development of more efficient and scalable 
recycling technologies [45]. 
Moreover, the extraction of raw materials especially cobalt and 
lithium raises significant environmental and social concerns, 
including habitat destruction, high water usage, and unethical 
labor practices in mining regions [46]. 
Lithium batteries, while promising in terms of performance 
and scalability, still face major obstacles related to technical 
reliability, operational safety, and environmental 
sustainability. Addressing these issues requires ongoing 
innovation in materials, smart design approaches, robust safety 
systems, and circular economy solutions such as efficient 
recycling and sustainable sourcing. Future research and 
industry collaboration must focus on closing these gaps to 
ensure the responsible and widespread adoption of lithium 
battery technology. 
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5 Innovative Solutions for Improving the 
Performance and Durability of Lithium 
Batteries 

Despite significant advancements, lithium batteries still 
require innovative solutions to considerably enhance their 
performance and longevity. In this section, some of these 
solutions are introduced and reviewed along with practical 
examples. 

5.1 Use of Nanostructures in Electrodes 

One of the most important innovations is the utilization of 
nanostructures to increase the active surface area and improve 
electrical conductivity. For example, the use of silicon 
nanostructures in anodes increases lithium storage capacity by 
several times compared to traditional graphite. However, the 
issues caused by the severe volume changes of these 
nanostructures during charge-discharge cycles have been 
addressed through the design of composite structures with 
flexible materials [47]. 

5.2 Improvement of Electrolytes and Use of 
Solid Electrolytes 

Replacing liquid electrolytes with solid electrolytes is one of 
the key approaches to enhancing battery safety and stability. 
Solid electrolytes such as polyethylene oxide (PEO) or 
ceramics like LLZO exhibit higher chemical and thermal 
resistance and prevent lithium dendrite growth. For example, 
all-solid-state batteries developed by Toyota, which use these 
types of electrolytes, have demonstrated more stable and safer 
performance compared to liquid-based batteries [48,49]. 
However, the use of solid electrolytes also requires higher 
capital expenditure (CAPEX) due to the need for specialized 
production equipment and precise manufacturing processes. 
In contrast, operational expenditures (OPEX) for all-solid-
state batteries are typically lower, as active cooling systems are 
eliminated, the risk of leakage or combustion is reduced, and 

batteries are capable of longer cycle life. A more detailed 
comparison of CAPEX and OPEX for liquid and solid 
electrolyte batteries, along with quantitative analyses, will be 
provided in Subsection 5.2.1. 

5.2.1 CAPEX and OPEX Analysis of 
Emerging Lithium Battery 
Technologies (Solid-State vs. Liquid 
Electrolytes) 

The analysis of capital expenditure (CAPEX) and operational 
expenditure (OPEX) is a critical factor in evaluating the 
economic viability and industrial feasibility of emerging 
battery technologies. When comparing conventional lithium-
ion batteries with liquid electrolytes (LIBs) and all-solid-state 
batteries (SSBs), significant differences are observed in both 
cost metrics. 
Recent studies indicate that the CAPEX required for 
establishing and commissioning SSB production lines is, on 
average, 25–60% higher than for LIBs, due to the need for 
specialized equipment for producing solid electrolytes 
(ceramic, sulfide, or polymer-based), controlled 
manufacturing environments, and precise stacking processes 
[112]. For example, the estimated CAPEX for setting up a 1 
GWh LIB production facility is approximately 70–110 USD 
per kWh of capacity, whereas for SSBs this figure ranges from 
100–170 USD per kWh of capacity [112, 113]. 
In contrast, OPEX for SSBs is generally lower. The 
elimination of active cooling systems, reduced risk of 
electrolyte leakage or combustion, and longer cycle life result 
in annual operational costs that are approximately 15–35% 
lower than for LIBs [108,114]. Supply chain competitiveness 
assessments further show that in advanced industrial 
economies, the higher upfront CAPEX of SSBs can be 
recovered within 3–5 years through operational savings [108]. 
Additionally, the longer cycle life of SSBs (3000–10000 
cycles) compared to LIBs (1000–3000 cycles) contributes to a 
lower total cost of ownership (TCO) over the long term 
[112,114]. 

Table 1. Quantitative and qualitative comparison of CAPEX and OPEX between LIBs and SSBs 
Cost/Performance Metric Liquid Electrolyte (LIB) Solid-State (SSB) Relative Difference Refs. 

CAPEX (USD/kWh capacity) 70–110 100–170 ↑ 25–60% [112], [113] 
Annual OPEX (% of CAPEX) 5–8% 3–5% ↓ 15–35% [108], [114] 
Cycle Life (number of cycles) 1000–3000 3000–10000 ↑ 2–3× [112], [114] 

TCO over 10 years Higher in long term Lower in long term — [108], [114] 
Active Cooling Requirement Yes No Cost reduction [112], [114] 

Thermal Safety Sensitive to temperature and leakage Higher safety — [112], [108] 
 
The chart in Figure 5 clearly illustrates that: 
1. The CAPEX for SSB is higher. 
2. The OPEX for SSB is lower. 
3. The lifecycle duration of SSB is several times longer. 
4. The total cost of ownership (TCO) over the long term is 

lower for SSB than for LIB. 

5.3 Surface Engineering of Electrodes 

Coating electrode surfaces with thin protective layers such as 
alumina (Al₂O₃) or phosphates enhances chemical and 
electrochemical stability. These layers prevent harmful side 
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reactions at the electrode-electrolyte interface and help 
maintain the electrode structure at high voltages [50]. 

 
Figure 5. Comparison of LIB vs SSB in CAPEX, OPEX, Cycle life, 

and TCO 

5.4 Design of Flexible and Stretchable 
Battery Structures 

For wearable and flexible applications, the development of 
flexible and stretchable batteries using nanocomposite 
materials like graphene and carbon nanotubes is progressing. 
These batteries are not only lightweight and thin but also 
capable of withstanding significant bending and stretching 
without performance degradation [51]. 

5.5 Smart Thermal Management 

Temperature control and heat distribution in batteries are key 
factors in maintaining performance and preventing safety 
incidents. The use of phase change materials (PCMs) and 
active thermal management systems reduces hot spots and 
increases battery lifespan [52]. 
Numerous innovative solutions have been developed in the 
fields of materials, structure, and system design to enhance the 
efficiency, safety, and durability of lithium batteries. The use 
of nanostructures, solid electrolytes, protective coatings, 
flexible battery designs, and intelligent thermal management 
systems are examples of these efforts which, with further 
progress, can bring about a revolution in the renewable energy 
and electric transportation industries. 

5.6 Nanotechnology in Lithium Batteries: 
Innovations and Applications 

Nanotechnology plays a crucial role in enhancing the 
efficiency, performance, and safety of lithium-ion batteries. 
By incorporating nanomaterials into various components of 
lithium batteries, such as electrodes, electrolytes, and 
protective coatings, significant improvements have been 
achieved in terms of energy density, cycling stability, and 
battery safety. 
In the case of nanostructured electrodes, silicon-based anodes 
have been a major breakthrough. Silicon can store significantly 
more lithium than traditional graphite, leading to a higher 

theoretical capacity. However, the challenge lies in the volume 
expansion that occurs during charge-discharge cycles. To 
overcome this, nanostructured silicon, such as silicon 
nanowires or nanoparticles, is used to improve mechanical 
stability and prevent cracking, ensuring longer life cycles and 
higher performance [95]. 
Nanotechnology in solid-state electrolytes has also played a 
transformative role. Solid-state electrolytes like LiPON 
(Lithium Phosphorus Oxynitride) and LLZO 
(Li7La3Zr2O12), which are derived from nanomaterials, have 
demonstrated superior chemical and thermal stability 
compared to traditional liquid electrolytes. These materials 
prevent the growth of lithium dendrites, a significant issue in 
liquid-based batteries, by providing a stable and safer ionic 
conduction medium. Solid-state batteries using such 
nanomaterials have shown increased efficiency and safety, 
paving the way for safer energy storage systems [96]. 
Another significant advancement in lithium batteries involves 
nanocoatings. Thin protective coatings made from 
nanomaterials like Al₂O₃ and TiO₂ are applied to the surfaces 
of electrodes. These coatings act as a barrier to harmful side 
reactions at the electrode-electrolyte interface, maintaining the 
structural integrity of the electrodes and improving their 
electrochemical stability. As a result, these nanocoatings 
contribute to higher charge-discharge cycles and enhanced 
overall battery longevity [97]. 
Finally, flexible and stretchable batteries utilizing 
nanocomposites such as graphene and carbon nanotubes have 
been developed for applications in wearable electronics. These 
batteries maintain a high energy density while offering the 
flexibility to bend and stretch without compromising 
performance. This advancement has made it possible to 
integrate lithium-ion batteries into devices that require both 
lightweight and flexible energy storage solutions, such as 
wearable devices and flexible displays [98]. 
Incorporating nanotechnology into lithium battery 
components has opened new possibilities for the development 
of more efficient, durable, and flexible energy storage systems. 
As these technologies evolve, they promise to significantly 
enhance the performance and safety of lithium-ion batteries, 
particularly for use in electric vehicles and renewable energy 
applications. 

6 Economic Evaluation, Material 
Resources, and Recycling Issues of 
Lithium-Ion Batteries 

With the rapid expansion in the use of lithium-ion batteries 
(LIBs), particularly in electric vehicles (EVs) and energy 
storage systems, evaluating their economic feasibility, 
sourcing of raw materials, and end-of-life recycling challenges 
has become critical. This section presents a comprehensive 
analysis of these three essential dimensions. 
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6.1 Economic Assessment of Lithium-Ion 
Batteries 

The production cost of LIBs is directly tied to the market prices 
of key raw materials such as cobalt, nickel, lithium, and 
graphite. Fluctuations in these material prices have a 
significant impact on the final cost of batteries. The table 
below provides an overview of the approximate average prices 
per kilogram for these materials from 2020 to 2023: 

Table 2. Changes in Key Raw Material Prices for Lithium-Ion 
Batteries from 2020 to 2023. Source: International Energy Agency 

(IEA), 2023 [53]. 

Raw Material 2020 Price 
(USD/kg) 

2021 Price 
(USD/kg) 

2022 Price 
(USD/kg) 

2023 Price 
(USD/kg) 

Cobalt (Co) 35 45 60 75 
Nickel (Ni) 15 18 23 28 
Lithium (Li) 16,000 21,000 30,000 40,000 
Graphite (C) 6 7 8 9 

As seen in the table 2, prices especially for lithium and cobalt 
have increased significantly over recent years. This trend 
underscores the urgent need to identify alternative sources and 
reduce reliance on these costly and geopolitically sensitive 
materials. 

6.2 Raw Material Sources and Associated 
Challenges 

The primary raw materials for LIBs are extracted from limited 
geographic regions lithium from Chile, cobalt from the 
Democratic Republic of Congo, and nickel from Indonesia. 
This geographic concentration leads to supply security risks 
and significant price volatility in global markets [54]. 
Moreover, mining operations impose severe environmental 
impacts, including habitat destruction, high water 
consumption, and pollution. 

6.3 Recycling Challenges of Lithium-Ion 
Batteries 

End-of-life LIBs must be recycled to reduce environmental 
pollution and recover valuable materials. However, the 
recycling processes face substantial barriers such as high costs, 
technical complexity in separating materials, and relatively 
low recovery rates [55]. 

Table 3. Recycling Methods of Lithium-Ion Batteries and Their 
Advantages and Challenges [56, 60]. 

Recycling Method Advantages Challenges 

Mechanical 
Recycling 

Lower cost, fast 
processing 

Low recovery of 
valuable metals, 

requires pre-treatment 

Hydrometallurgical 
Higher recovery of 

critical metals, 
cleaner 

High use of chemicals, 
environmental 

management needed 

Pyrometallurgical 
High recovery rates 

for lithium and 
cobalt 

High energy 
consumption, emission 

of toxic gases 

Table 3 summarizes the main recycling methods and their 
associated advantages and challenges. 
Despite current limitations, new technologies are under 
development such as solvent-free processes and biodegradable 
chemical systems which may significantly lower recycling 
costs while enhancing the recovery efficiency of valuable 
metals [57]. 

6.4 The Future of Supply and Recycling 
Strategies 

To tackle the economic and environmental challenges in raw 
material sourcing and recycling, researchers are exploring 
alternative materials such as silicon, phosphate compounds, 
and polymers as substitutes for cobalt and nickel in battery 
chemistries [58]. These alternatives have the potential to 
reduce battery production costs and simplify recycling 
procedures. 
Additionally, emerging design strategies such as Design for 
Recycling (DfR) are being implemented to promote modular, 
reusable, and easily disassembled batteries, thus improving 
large-scale recycling viability and cost-effectiveness [59]. 
The economic viability, material sourcing, and recycling 
issues of lithium-ion batteries are key factors shaping the 
sustainable development of this technology. The sharp rise in 
raw material prices, environmental concerns related to 
extraction, and recycling inefficiencies point to the urgent need 
for alternative materials and advanced recycling technologies. 
These innovations can help reduce costs, improve recovery 
yields, and foster the long-term sustainability of the lithium 
battery ecosystem. 

7 Critical Analysis and Comparison with 
Previous Studies 

This study stands out by simultaneously addressing the 
technical performance, economic aspects, and environmental 
concerns of lithium-ion batteries (LIBs). It is compared with 
18 key references in the field, identifying both its strengths and 
weaknesses in comparison to earlier works. 
1. GAINES et al. (2014): This paper conducted an in-depth 
analysis of recycling processes, costs, and material recovery 
rates [60]. The current study extends this by introducing new 
methods, such as solvent-free processes and the use of 
biodegradable chemicals. 
2. Duan et al. (2022): This work provides a comprehensive 
look at emerging recycling technologies in the industrial 
context [61]. While similar, the current study offers more 
specific methodologies and up-to-date data until 2023. 
3. Li et al. (2020): They focused on novel recycling 
technologies such as ethyl solvents [62]. In contrast, the 
present study introduces direct recycling processes and cost 
assessments. 
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Table 4. Comparison of Various Studies on Lithium-Ion Battery Recycling and Resources 
Reference Research Area Strengths of Other Studies Strengths of the Current Study 

[60] GAINES 2014 Recycling Process  
Focus 

Analysis of Hydrometallurgical / 
Pyrometallurgical Methods 

Introduction of Solvent-Free and 
Biodegradable Chemical Processes 

[61] Duan 2022 Industrial Recycling 
 Outlook Comprehensive Technological Reviews Specific Methodologies and 2023 Data 

[62] Li 2020 Emerging Recycling 
Technologies Introduction of Ethyl Solvents Focus on Direct Recycling and Cost Analysis 

[63] ZANOLETTI 
2024 

Economic and Environmental 
Viability of Recycling Evaluation of Alternative Processes Updated Data and Economic Modeling 

[64] ZHANG 2025 Alternative  
Materials Focus on Silicon/Phosphate Materials Inclusion of Polymeric Materials and Their 

Applications 

[66] JI 2021 Direct Cathode  
Recycling Process Reuse Addition of Economic Analysis 

[68] WEI 2023 Cathode Recycling  
for EVs Focus on Energy Density Cost-Performance Evaluation 

[69] CRAIG-
SCHECKMAN 2025 

Supply Chain and ESG 
Analysis ESG and Material Security Real-Time Price Data and Supply Chain 

Modeling 

[70] IEA 2025 Focus on LFP and 
Alternative Materials Strong LFP Analysis Comprehensive Economic Model and 

Recycling Strategy 

[71] Berylls 2023 Nickel/Cobalt  
Global Supply Global Supply Analysis Price Trend Data and Regional Supply 

Models 
[72] BARNETT-
ITZHAKI 2025 

LIB Collection and Low 
Recovery Rates Policy Review Actionable Design for Recycling Strategies 

[73] ACS Energy Lett 
2024 

Lithium Supply and LFP 
Substitution Supply Chain Exploration Integrated Cost Modeling and Price 

Sensitivity 

[74] ZHENG 2023 Global Recycling  
Policies Policy Review Local-Level Recycling Actionable Steps and 

Economic Impact 
[99] Sravanthi et al. 
2025 

Nanostructures  
in Anodes 

Focus on Increased Lithium Storage with Si 
Nanostructures 

Exploration of Flexible Nanostructures for 
Improved Cycling Stability 

[100] Asamoah et al. 
2024 

Nanomaterials in Lithium-Ion 
Battery Recycling 

Use of Nano-sized Materials for Efficient 
Recycling 

High-performance Nano-Recyclable Materials 
for Energy Recovery 

[101] Chang et al. 
2025 

Polymer Brush-Grafted 
Silicon Nanoparticles 

Focus on binder-free anodes using polymer 
brush-grafted silicon nanoparticles to improve 

battery performance 

Builds on the use of nanomaterials, enhancing 
both battery performance and recycling 

process efficiency, improving cost-
effectiveness and sustainability in energy 

recovery 

4. ZANOLETTI et al. (2024): This reference evaluates the 
environmental and economic viability of various recycling 
techniques [63]. The present research provides updated data 
and more detailed economic modeling. 
5. ZHANG et al. (2025): The study reviewed silicon-based and 
phosphate-based materials for LIBs [64]. However, the current 
study also includes polymeric materials, making it a more 
comprehensive comparison. 
6. ZHENG et al. (2017): This research explores environmental 
challenges in recycling and the low recovery rates [65]. The 
present study adds more multi-faceted approaches, including 
technological advancements. 
7. JI et al. (2021): Their work focused on direct cathode 
recycling [66], while the current paper not only analyzes this 
but also introduces economic assessments. 
8. MARTINEZ-BOLANOS et al. (2020): This study evaluated 
the economic feasibility of Battery Energy Storage Systems 
(BESS) through modeling [67]. The current paper integrates 
market price data for raw materials, making it a broader 
analysis. 
9. WEI et al. (2023): This paper examined recycling of 
cathodes for EVs and the energy density improvement [68]. In 
comparison, the present study presents comprehensive cost-
performance assessments. 
10. CRAIG-SCHECKMAN (2025): McKinsey’s report 
focuses on supply chain security and ESG (Environmental, 

Social, and Governance) impacts [69]. The present study 
incorporates real-time price data and regional supply chains. 
11. IEA (2025): The IEA report discusses the LFP (Lithium 
Iron Phosphate) market and alternative materials [70]. The 
present study provides a more economic model and recycling 
strategies. 
12. Berylls (2023): The study explored global supply chains 
for nickel and cobalt [71]. The current research includes price 
trend data and regional supply strategies, adding more 
granularity. 
13. BARNETT-ITZHAKI (2025): This article discusses the 
collection of LIBs and low recovery rates [72]. The present 
paper addresses this by introducing Design for Recycling 
strategies. 
14. ACS Energy Letters (2024): This study focuses on lithium 
supply chains and alternative materials [73]. The present study 
integrates cost modeling and price sensitivity, offering a more 
dynamic view of the future. 
15. ZHENG (2023): This paper evaluates global recycling 
policies [74]. The present research provides actionable steps 
for local-level recycling processes and their economic impacts. 
16. Sravanthi et al. (2025): This study focuses on the use of 
silicon nanostructures in anodes to improve lithium storage 
capacity. The current research further extends this by 
introducing composite nanostructures that address volume 
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expansion issues during charge-discharge cycles, improving 
battery stability [99]. 
17. Asamoah et al. (2024): This research investigates the role 
of nanomaterials in enhancing the efficiency of lithium-ion 
battery recycling. The current study builds on this by 
integrating nanomaterials in electrolytes and electrode 
coatings to improve battery performance and reduce costs 
[100]. 
18. Chang et al. (2025): This study explores the use of polymer 
brush-grafted silicon nanoparticles as binder-free anodes to 
enhance the performance and stability of lithium-ion batteries. 
The current work builds upon this research by examining the 
impact of nanomaterials not only on battery performance but 
also on the efficiency of recycling processes, leading to 
improved cost-effectiveness and more sustainable energy 
recovery [101] 

7.1 Strengths and Weaknesses of the 
Current Study 

Strengths: 
• Multidimensional approach covering technical 

performance, economic aspects, and environmental 
concerns 

• Updated data until 2023, reflecting the latest trends in 
material costs and supply chain issues 

• Introduction of novel recycling methods such as solvent-
free processes and biodegradable chemicals 

• Detailed economic models that include market price data 
and sensitivity analysis 

• Actionable recommendations for policy-making and local 
supply chain improvements 

Weaknesses/Limitations: 
• Lack of empirical data and field testing for some of the 

proposed direct recycling processes 
• Initial investment cost of polymeric materials and 

redesigning of existing battery architecture 
• More long-term studies are needed to assess the scalability 

and real-world feasibility of some of the proposed 
technologies 

• This study goes beyond many previous works by 
integrating the technical, economic, and environmental 
dimensions of lithium-ion battery technology. By 
incorporating up-to-date data and exploring novel 
recycling methods, it adds significant value to the existing 
body of knowledge. The introduction of alternative 
materials and economic modeling helps set a more 
sustainable course for the industry. 

7.2 Comparison with Previous Studies 

In this section, a comparison is made between previous studies 
and the current research. The key strengths and weaknesses of 
past studies are analyzed, along with the innovations of the 
present study in comparison to the reviewed works. 

Strengths of Previous Studies: 
1. Previous studies have comprehensively examined 

various recycling processes, including 
hydrometallurgical and pyrometallurgical methods, with 
GAINES (2014) providing an in-depth analysis. 

2. Many studies, particularly Duan (2022) and Li (2020), 
have explored the technological and innovative aspects 
of recycling, utilizing solvents and new materials to 
enhance the efficiency of recycling processes. 

3. Works such as ZANOLETTI (2024) and ZHANG 
(2025) have focused on the economic and environmental 
dimensions, proposing sustainable approaches to 
address challenges in the recycling industry. 

Weaknesses of Previous Studies: 
1. While many earlier studies have acknowledged 

scalability challenges and initial costs, they have not 
fully addressed the long-term cost evaluation and the 
broader supply chain impacts. 

2. Some studies still lack up-to-date data and more precise 
economic modeling, failing to consider the real-world 
challenges and dynamic changes in the supply chain. 

3. The scalability of proposed processes has not been 
sufficiently explored in most studies, and there remains 
a need for more field studies to validate the practical 
implementation of these processes. 

Innovations of the Current Study: 
1. Integration of Technical, Economic, and Environmental 

Dimensions: This study distinguishes itself from 
previous works by comprehensively integrating 
technical, economic, and environmental aspects, 
offering a more holistic analysis of lithium-ion battery 
recycling processes. 

2. Use of Up-to-Date Data (2023): The present study 
includes recent data and more accurate economic 
models, addressing market prices and economic 
sensitivities. This provides a significant advancement 
over studies like Duan (2022), which predominantly 
focused on technological aspects without a detailed 
economic perspective. 

3. Introduction of Novel Recycling Methods: The study 
presents innovative solvent-free recycling processes and 
the use of biodegradable chemicals, which are notably 
more sustainable compared to the hydrometallurgical 
and pyrometallurgical methods discussed in GAINES 
(2014). 

4. Actionable Policy Recommendations: Unlike studies 
such as Zheng (2023), which focus on general policies, 
this study provides actionable steps for local-level policy 
implementation, including the economic and social 
impacts, ensuring practical applications of the research. 

This comparison reveals that the current study not only updates 
the data and methods but also adds substantial value to the field 
of lithium-ion battery recycling by introducing novel, more 
sustainable approaches. These advancements represent a clear 
added value to the existing body of knowledge. 
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8 Future Outlook and Pathways for 
Sustainable Development 

Lithium-ion battery (LIB) technology has undergone 
remarkable growth over the past two decades and now plays a 
central role in the transition toward renewable energy and the 
electrification of transport. Yet, persistent technical, 
economic, and environmental challenges remain. Achieving 
sustainable development in this sector requires a strategic 
outlook and actionable pathways across technological 
innovation, materials substitution, recycling methodologies, 
and policy frameworks. 

8.1 Market Projections and Emerging 
Technologies 

Market forecasts indicate a dramatic increase in LIB demand 
through 2030. According to the International Energy Agency 
(IEA), the global electric vehicle (EV) fleet could exceed 130 
million vehicles, driving massive demand for lithium-ion 
batteries [75]. Meeting this demand sustainably requires 
scalable technologies that increase energy density, reduce 
production costs, and mitigate environmental impacts. 

8.2 New Battery Materials: Alternatives 
and Innovations 

A key pathway toward sustainability is the substitution of 
critical raw materials like cobalt and nickel with more 
abundant and environmentally benign alternatives. Lithium 
iron phosphate (LFP) batteries characterized by lower material 
costs, improved thermal stability, and enhanced safety are 
becoming increasingly favored for both EVs and stationary 
storage [76]. 
Moreover, replacing graphite with silicon-based anodes offers 
the potential for dramatically increased energy density. 
Current research focuses on creating silicon–graphite 
nanocomposites that can accommodate large volume changes 
while maintaining structural integrity and cycling stability 
[77]. 

8.3 Advanced Recycling and Circular 
Design Principles 

Effective recycling technologies are essential to reduce 
resource dependency and environmental harm. Innovative 
methods such as direct cathode recycling which avoids 
material decomposition and preserves valuable active 
materials are gaining momentum [78]. Coupled with Design 
for Recycling (DfR) principles, battery systems are being 
engineered for easy disassembly, material recovery, and reuse. 
For example, Tesla has integrated DfR principles into its latest 
battery designs to streamline recycling [79]. 

8.4 Integration with Renewable Energy 
and Smart Grid Systems 

Lithium-ion batteries are pivotal for stabilizing electricity 
grids powered by intermittent renewables. Battery Energy 
Storage Systems (BESS) paired with solar and wind plants can 
level supply fluctuations, deliver peak shaving, and reduce 
energy costs [80]. Studies show that integrating LIB-based 
BESS into distributed renewable energy systems significantly 
enhances grid efficiency and resiliency [81]. 

8.5 Policy, Economics, and Social Pathways 
to Sustainability 

Innovation cannot succeed without supporting regulatory and 
economic frameworks. Governments in the EU and China are 
actively subsidizing research and infrastructure for LIB 
production, recycling, and supply chain resiliency [82,83]. 
Policies supporting closed-loop recycling, local sourcing, and 
materials transparency will be essential to scale sustainable 
LIB deployment. 
The future of lithium-ion batteries hinges on concerted efforts 
in materials innovation, recycling infrastructure, and policy 
alignment. Transitioning to alternative materials like LFP, 
advancing recycling methods, integrating batteries into 
renewable energy systems, and implementing supportive 
policies collectively pave the way to a sustainable, low-carbon 
energy future. 
The large-scale deployment of advanced lithium-ion battery 
technologies including nanotechnology-enabled materials, 
improved safety mechanisms, and life-cycle sustainability 
depends heavily on well-designed regulatory frameworks and 
targeted economic incentives. Policies must go beyond generic 
references to “EU and China subsidies” and instead focus on 
concrete, operational instruments that directly shape battery 
value chains. 
In the European Union (EU), the Regulation (EU) 2023/1542 
on batteries and waste batteries establishes a unified legislative 
framework that integrates producer responsibility, material 
traceability, recycling standards, and mandatory due diligence 
obligations [107]. The regulation introduces the battery 
passport system, requiring detailed disclosure of material 
origins, carbon footprint, and recyclability metrics. 
Implementation began in February 2024, with several core 
obligations becoming enforceable from August 2025. Such 
stringent measures compel manufacturers to redesign products 
for modularity, recyclability, and transparency elements that 
are also critical for nanostructured electrodes and coatings to 
ensure compatibility with end-of-life processing. 
In the United States (U.S.), the Inflation Reduction Act (IRA) 
leverages substantial financial incentives such as electric 
vehicle (EV) tax credits of up to $7,500, conditional Domestic 
Content Bonus credits, and capital grants/loans from the 
Department of Energy (DOE) to accelerate domestic 
manufacturing capacity [108, 109]. These incentives are 
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conditional on origin requirements (a defined percentage of 
battery components and critical minerals must be sourced 
domestically or from free trade partners) and time-limited, 
thereby directly influencing local investment decisions across 
mining, refining, electrode production, and cell assembly. For 
nanotechnology-based innovations, such conditions can lower 
scale-up costs through domestic pilot lines, but they may also 
constrain access to certain advanced foreign materials unless 
accompanied by robust technology-transfer partnerships. 
China adopts a state-driven model that combines direct 
subsidies, preferential financing, public procurement 
programs, and R&D support to rapidly expand production 
capacity and industrial innovation [110]. This strategy has 
contributed to a substantial rise in patents and manufacturing 
output over the past decade, positioning Chinese companies as 
global leaders in capacity and cost competitiveness. While 
these policies have successfully lowered production costs and 
facilitated market adoption of nanomaterials, recycling and 
traceability standards remain less stringent than in the EU, 
though they are progressively tightening. 
Policy recommendations for accelerating safe and sustainable 
adoption of nanotechnology in batteries include: 
1.For the EU: Combine regulatory mandates (battery 
passport, recyclability indices) with targeted subsidies for 

advanced recycling plants (hydrometallurgical/direct 
recycling) to minimize critical material losses and promote 
“design for recycling” in nanostructured electrodes [107]. 
2.For the U.S.: Expand IRA incentives by integrating 
performance-based environmental bonuses such as additional 
credits for manufacturers demonstrating recycled material 
content or low-carbon production and provide blended finance 
mechanisms for pilot-scale nanotechnology manufacturing 
[108, 109]. 
3.For China: Shift from broad-based production subsidies 
toward targeted funding for environmentally sustainable 
nanotechnology R&D, while upgrading recycling and 
traceability regulations to align with global export standards 
[110]. 
Overall, an effective international strategy should integrate (1) 
stringent transparency and recycling mandates (EU), (2) high-
value financial incentives for low-carbon, scalable production 
(U.S.), and (3) large-scale industrial capacity for rapid cost 
reduction (China). Such a tri-pillar approach, if coordinated 
through harmonized standards and joint R&D initiatives, can 
accelerate the transition from laboratory-scale 
nanoinnovations to commercially viable, safe, and sustainable 
battery systems [107– 111]. 

Table 5. Comparative Table of Key Regional Policies 

Region 
Key Regulations / 

Flagship 
Programs 

Implementation & 
Financial 

Instruments 

Scale / Intensity 
of Support 

Direct Impact on 
Nanotechnology 

Adoption 

Safety, 
Traceability & 

Recycling 
Implications 

Key Risks & 
Mitigation Strategies 

European 
Union (EU) 

Regulation (EU) 
2023/1542 – 

Batteries 
Regulation; 

Horizon Europe; 
national recycling 

programs 

Battery passport, due 
diligence for raw 

materials, targeted 
recycling grants, 

mandatory minimum 
recycling efficiencies, 

penalties for non-
compliance 

Hundreds of 
millions of euros 
(Horizon Europe 

+ national 
R&D/recycling 

budgets) 

Promotes “design for 
recycling” and 

compatibility of 
nanomaterials with end-

of-life processes; supports 
direct recycling and 
hydrometallurgical 

methods 

Mandatory origin 
disclosure, 

recyclability 
indices, carbon 

footprint reporting; 
enhanced safety 

over the battery life 
cycle 

Risk: High compliance 
costs for SMEs; 

Mitigation: targeted 
SME subsidies, phased 

implementation 
timelines, compliance 

advisory hubs 

United States 
(U.S.) 

Inflation Reduction 
Act (IRA, 2022); 

IRS EV Tax Credit 
Guidance; 

Domestic Content 
Bonus; DOE 

funding programs 

EV tax credit up to 
$7,500, domestic 

content bonus, DOE 
loans/grants for 
gigafactories, 

conditional tax 
exemptions 

Billions of USD 
(IRA + DOE 

programs through 
2030) 

Encourages domestic 
production of 

nanostructured 
electrodes/coatings; 

accelerates scale-up from 
lab to industrial 

production 

NHTSA/EPA 
safety standards; 
mandatory origin 

reporting; 
incentives for clean 

manufacturing 

Risk: Limited access to 
foreign technology; 
Mitigation: bonus 

credits for tech 
transfer, pilot-line 

funding, specialized 
workforce training 

China 

National NEV and 
battery policies; 
direct production 
subsidies; R&D 

grants; provincial 
manufacturing 

incentives 

Direct cash subsidies, 
low-interest state 
bank loans, public 

procurement, export 
facilitation, patent 

support 

Tens of billions of 
USD-equivalent 

over the past 
decade 

Reduces production costs 
and expands market for 

nanomaterials; rapid 
growth in patents and 
industrial innovation 

Recycling and 
traceability 
standards 

improving but less 
stringent than EU; 
gradual tightening 

underway 

Risk: Overcapacity 
and inefficient 

resource allocation; 
Mitigation: target 
subsidies toward 

sustainable R&D, align 
standards with global 

norms 

Comparative 
Analysis 

Integrated 
approach 

combining EU’s 
regulatory rigor, 
U.S. financial 
incentives, and 

China’s production 
scale 

Coordinated legal, 
financial, and 

industrial capacity-
building mechanisms 

Fast scale-up 
(China/U.S.) 

combined with 
sustainability and 
transparency (EU) 

Optimal nanotech 
commercialization 

pathway: simultaneous 
financial incentives (U.S.), 
environmental compliance 

(EU), and mass-
production capability 

(China) 

International 
harmonization of 
traceability and 

recycling 
standards; cross-
border safety data 

sharing 

Risk: Race-to-the-
bottom on cost and 

fragmented regulation; 
Mitigation: multilateral 
policy alignment, joint 
R&D projects, global 

standardization for 
battery sustainability 
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9 Conclusion and Recommendations 

The lithium battery industry, with its prominent features such 
as high energy density, long lifespan, and fast charging 
capabilities, plays a critical role in the advancement of 
renewable energy and electric transportation. Lithium batteries 
have become the primary choice across various industries, 
particularly in the automotive and energy storage sectors. 
However, despite substantial progress, this industry faces 
numerous technical, economic, and environmental challenges 
that directly affect its sustainability and growth. Key 
challenges include the rising costs of raw materials such as 
lithium, cobalt, and nickel; issues related to securing 
sustainable supply chains; environmental concerns 
surrounding raw material extraction; and the complexities of 
battery recycling. These factors can potentially limit the 
industry's expansion and lead to adverse environmental 
consequences. 
Nevertheless, research indicates that innovative strategies can 
significantly mitigate these issues. One of the most promising 
approaches is the application of nanotechnology. The use of 
nanomaterials  such as silicon nanowires, metal oxide 
nanoparticles, and graphene-based nanolayers  has been shown 
to enhance electrode performance, increase energy storage 
capacity, and reduce charging times and thermal risks. For 
instance, the article highlighted real-world applications of 
graphene-based nanostructures used in the development of 
high-capacity anodes with improved durability, some of which 
have already been tested in next-generation battery prototypes. 
Furthermore, designing nanostructured systems for more 
efficient recycling and separation of key elements from used 
batteries presents a viable solution to the recycling challenge. 
Research involving nanofilters for the selective extraction of 
metal ions during the recycling process exemplifies the 
potential of nanotechnology to make battery recycling more 
sustainable and economically viable. Hence, this conclusion 
provides a summary of the specific types of nanoparticles used 
in lithium-ion batteries (metal nanoparticles, carbon 
nanoparticles, and other nanostructures) in Figure 6 and their 
role in improving battery characteristics, such as cycle life, 
safety, and energy density . 

 
Figure 6. Various types of nanosized materials for enhancing the 

functions of batteries with Li-ion 

In addition, integrating renewable energy systems with 
lithium-based energy storage  especially when enhanced by 
smart, nanotechnology-driven innovations  offers a sustainable 

pathway and opens up new horizons for achieving the United 
Nations Sustainable Development Goals (SDGs). 
In conclusion, addressing current challenges and enhancing 
the sustainability of the lithium battery industry require 
extensive research and development in areas such as novel 
materials, advanced recycling technologies, and intelligent 
energy storage systems. Nanotechnology, as a transformative 
enabler, can play a vital role in reducing dependence on scarce 
and costly resources, extending battery life, and improving the 
overall efficiency and resilience of energy storage systems. 

Table 6. Future Research Recommendations in Lithium-Ion Battery 
Technology 

No. Research Area Description 

1 Raw Material Substitution 
with Nanomaterials 

Research on lithium iron phosphate 
(LFP) and nano-silicon to reduce 

dependence on expensive 
materials. 

2 
Recycling Process 

Optimization Using 
Nanotech 

Development of optimized 
recycling processes with 

nanocatalysts and Design for 
Recycling (DfR). 

3 
Enhancing Energy Storage 

Systems with 
Nanomaterials 

Research on integrated storage 
systems based on lithium batteries 

and renewable energy sources. 

4 
Development of New 

Nanostructured Anode and 
Cathode Materials 

Innovations in silicon-based 
anodes and sulfate-based cathodes 

with nanostructures to increase 
capacity and lifespan. 

5 
Environmental Impact of 
Raw Material Extraction 
Using Nanotechnology 

Research on sustainable extraction 
methods employing 

nanotechnology to reduce 
environmental and social impacts. 

Future Research Recommendations: 
1. Raw Material Substitution Using Nanostructures: One of 

the major challenges in the lithium battery industry is 
reliance on rare and expensive materials such as cobalt and 
nickel. Future research should focus on finding 
nanostructured alternative materials with similar 
properties. For example, using nanoscale lithium iron 
phosphate (LFP) and graphite-silicon composites can 
reduce costs and enhance sustainability. Nanotechnology 
enables increased surface area and improved 
electrochemical performance of these materials. 

2. Optimizing Recycling Processes with Nanotechnology:   
Recycling lithium batteries is costly and complex. 
Incorporating nanocatalysts and nanosensors in recycling 
systems can improve efficiency and reduce costs. 
Additionally, designing batteries for easier recycling 
(Design for Recycling) at the nanoscale can simplify 
material separation and reduce environmental pollution. 

3. Enhancing Energy Storage Systems Using Nanomaterials:   
Integrating lithium batteries with renewable energy 
sources requires advanced, smart energy storage systems. 
Nanomaterials in electrode and electrolyte structures 
enable higher storage capacity and faster charge-discharge 
cycles. These advancements significantly improve energy 
management in smart grid applications. 
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4. Development of New Nanostructured Anode and Cathode 
Materials: Innovations in anode and cathode materials can 
dramatically increase battery capacity and durability. 
Research into silicon-based anodes and sulfate-based 
cathodes with nanoscale architectures can enhance 
electrochemical properties and extend battery life. 

5. Environmental and Social Impact of Raw Material 
Extraction Using Nanotechnology: Considering the 
environmental and social consequences of raw material 
extraction, sustainable methods are essential. 
Nanotechnology can reduce energy consumption and 
pollutant emissions in extraction processes. Moreover, 
developing economic models optimized with nanoscale 
data can improve resource management. 

Disclosure of Potential Conflicts of Interest  
The Authors declare that there is no conflict of interest 

Reference  
[1] R. Wang, L. Wang, R. Liu, X. Li, Y. Wu, F. Ran, "Fast-charging" 

anode materials for lithium-ion batteries from perspective of ion 
diffusion in crystal structure, ACS Nano 18 (4) (2024) 2611–
2648.https://doi.org/10.1021/acsnano.3c08712 

[2] L. Wan, B. Zou, J. Peng, R. Yin, J. Li, R. Li, B. Hao, Multi-
objective hierarchical co-optimization of battery capacity 
configuration and operational strategy for photovoltaic-battery 
systems in buildings, J. Energy Storage 114 (2025) 
115694.https://doi.org/10.1016/j.est.2025.115694 

[3] B. Scrosati, J. Garche, Lithium batteries: Status, prospects and 
future, J. Power Sources 195 (9) (2010) 2419–
2430.https://doi.org/10.1016/j.jpowsour.2009.11.048 

[4] P.G. Bruce, S.A. Freunberger, L.J. Hardwick, J.M. Tarascon, Li–
O2 and Li–S batteries with high energy storage, Nat. Mater. 11 
(1) (2012) 19–29.https://doi.org/10.1038/nmat3191 

[5] Y.Di Z., L.I. Yi, X. Xinhui, W. XiuLi, G. ChangDong, T. 
JiangPing, High-energy cathode materials for Li-ion batteries: a 
review of recent developments, Sci. China Technol. Sci. 58 (11) 
(2015) 1809–1828.https://doi.org/10.1007/s11431-015-5933-x 

[6] N. Nitta, F. Wu, J.T. Lee, G. Yushin, Li-ion battery materials: 
present and future, Mater. Today 18 (5) (2015) 252–
264.https://doi.org/10.1016/j.mattod.2014.10.040 

[7] X. Chen, W. Cheng, H. Liu, H. Chen, J. Ma, Y. Zhang, Z. Wu, 
Research Progresses on Nano-Structured Silicon-Based 
Materials as Anode for Lithium-Ion Batteries, Materials 18 (4) 
(2025) 830.https://doi.org/10.3390/ma18040830 

[8] Q. Wang, P. Ping, X. Zhao, G. Chu, J. Sun, C. Chen, Thermal 
runaway caused fire and explosion of lithium ion battery, J. 
Power Sources 208 (2012) 210–
224.https://doi.org/10.1016/j.jpowsour.2012.02.038 

[9] M.S. Whittingham, Lithium batteries and cathode materials, 
Chem. Rev. 104 (10) (2004) 4271–4302. 
https://doi.org/10.1021/cr020731c 

[10] A. Nekahi, M. Dorri, M. Rezaei, M.D. Bouguern, A.K. Madikere 
Raghunatha Reddy, X. Li, K. Zaghib, Comparative issues of 
metal-ion batteries toward sustainable energy storage: Lithium 
vs. sodium, Batteries 10 (8) (2024) 
279.https://doi.org/10.3390/batteries10080279 

[11] J.B. Goodenough, Y. Kim, Challenges for rechargeable batteries, 
J. Power Sources 196 (16) (2011) 6688–
6694.https://doi.org/10.1016/j.jpowsour.2010.11.074 

[12] S. Chu, A. Majumdar, Opportunities and challenges for a 
sustainable energy future, Nature 488 (7411) (2012) 294–
303.https://doi.org/10.1038/nature11475 

[13] M.C.C. Lima, et al., Economic aspects for recycling of used 
lithium-ion batteries from electric vehicles, Energies 15 (6) 
(2022) 2203.https://doi.org/10.3390/en15062203 

[14] A. Manthiram, An outlook on lithium ion battery technology, 
ACS 
Cent.Sci.3(10)(2017)10631069.https://doi.org/10.1021/acscents
ci.7b00288 

[15] M. Armand, J.-M. Tarascon, Building better batteries, Nature 
451 (7179) (2008) 652–657. https://doi.org/10.1038/451652a 

[16] D. Fu, X. Zhang, Y. Zhou, K. Yang, J. Fan, L. Li, C. Fu, 
Regulating the Evolution Pathway of the Cathode Electrolyte 
Interphase to Stabilize Li-Rich Cathode Materials, ACS 
Sustainable Chem. Eng. 13 (8) (2025) 3311–
3320.https://doi.org/10.1021/acssuschemeng.4c09826 

[17] S. Singh, Cathode materials for Li-ion batteries, in: Energy 
Storage and Conversion Devices, CRC Press, 2021, pp. 47–70. 
[Online]. Available:https://www.routledge.com 

[18] Z. Chen, A. Soltani, Y. Chen, Q. Zhang, A. Davoodi, S. 
Hosseinpour, et al., Emerging organic surface chemistry for Si 
anodes in lithium‐ion batteries: advances, prospects, and beyond, 
Adv. Energy Mater. 12 (32) (2022) 
2200924.https://doi.org/10.1002/aenm.202200924 

[19] S.S. Zhang, A review on the separators of liquid electrolyte Li-
ion 
batteries,J.PowerSources164(1)(2007)351364.https://doi.org/10
.1016/j.jpowsour.2006.10.065 

[20] "How does a lithium-Ion battery work? 
".letstalkscience.ca/educational-resources. 

[21] K. Xu, Nonaqueous liquid electrolytes for lithium-based 
rechargeable batteries, Chem. Rev. 104 (2004) 4303–4418. 
https://doi.org/10.1021/cr030203g 

[22] A. Manthiram, A reflection on lithium-ion battery cathode 
chemistry, Nat. Commun. 11 (2020) 
1550.https://doi.org/10.1038/s41467-020-15355-0 

[23] J. Janek, W.G. Zeier, A solid future for battery development, 
Nat. Energy 1 (2016) 1–
4.https://doi.org/10.1038/nenergy.2016.141 

[24] Y. Liu, L. Wang, D. Li, K. Wang, State-of-health estimation of 
lithium-ion batteries based on electrochemical impedance 
spectroscopy: a review, Protect. Control Mod. Power Syst. 8 
(2023) 1–17https://doi.org/10.1186/s41601-023-00314-w 

[25] Q. Yue, S.J. Harris, In situ observation of strains during lithiation 
of a graphite electrode, J. Electrochem. Soc. 157 (2010) 
A741.https://doi.org/10.1149/1.3488469 

[26] M.N. Obrovac, V.L. Chevrier, Alloy negative electrodes for Li-
ion batteries, Chem. Rev. 114 (2014) 11444–11502.  
https://doi.org/10.1021/cr500207g 

[27] Y. Idota, T. Kubota, A. Matsufuji, Y. Maekawa, T. Miyasaka, 
Tin-based amorphous oxide: a high-capacity lithium-ion-storage 
material, Science 276 (1997) 1395–
1397.https://doi.org/10.1126/science.276.5317.1395 

[28] N. Liu, H. Wu, M.T. McDowell, Y. Yao, C. Wang, Y. Cui, A 
yolk-shell design for stabilized and scalable Li-ion battery alloy 
anodes, Nano Lett. 12 (2012) 3315–
3321.https://doi.org/10.1021/nl3014814 

[29] H. Li, H. Zhao, D. Liu, Z. Li, Q. Hu, Electro-thermal coupling 
modeling and heat generation decoupling analysis of semi-solid-

https://doi.org/10.1021/acscentsci.7b00288
https://doi.org/10.1021/acscentsci.7b00288
https://doi.org/10.1149/1.3488469


 Comprehensive Review of Cutting-Edge Lithium Battery Technologies Highlighting Nanotechnology, Safety Improvements and Sustainability 
 

 
POWER, CONTROL AND DATA PROCESSING SYSTEMS - Vol 2(4), 2025 

Page | 16 

state lithium-ion battery, Electrochim. Acta 512 (2025) 
145455.https://doi.org/10.1016/j.electacta.2024.145455 

[30] K. Zhu, T. Wang, Y. Wu, J. Luo, Y. Huang, Comprehensive 
aging model coupling chemical and mechanical degradation 
mechanisms for NCM/C6-Si lithium-ion batteries, Energy 
Storage Mater. 71 (2024) 
103620.https://doi.org/10.1016/j.ensm.2024.103620 

[31] P. Wang, H. Mou, Y. Wang, N. Song, X. Li, J. Feng, S. Xiong, 
Niobium Phosphide‐Induced Sulfur Cathode Interface with Fast 
Lithium‐Ion Flux Enables Highly Stable Lithium–Sulfur 
Catalytic Conversion, Angew. Chem. Int. Ed. 64 (2025) 
e202502255.https://doi.org/10.1002/anie.202502255 

[32] K. Xu, Electrolytes and interphases in Li-ion batteries and 
beyond, Chem. Rev. 114 (2014) 11503–
11618.https://doi.org/10.1021/cr500003w 

[33] S. Randau, D.A. Weber, O. Kötz, R. Koerver, P. Braun, A. 
Weber, J. Janek, Benchmarking the performance of all-solid-
state lithium batteries, Nat. Energy 5 (2020) 259–
270.https://doi.org/10.1038/s41560-020-0565-1 

[34] L. Li, Y. Duan, Engineering polymer-based porous membrane 
for sustainable lithium-ion battery separators, Polymers 15 
(2023) 3690. https://doi.org/10.3390/polym15183690 

[35] D. Di Lecce, R. Verrelli, J. Hassoun, Lithium-ion batteries for 
sustainable energy storage: recent advances towards new cell 
configurations, Green Chem. 19 (2017) 3442–
3467.https://doi.org/10.1039/C7GC01328K 

[36] K.J. Lee, K. Smith, A. Pesaran, G.H. Kim, Three dimensional 
thermal-, electrical-, and electrochemical-coupled model for 
cylindrical wound large format lithium-ion batteries, J. Power 
Sources 241 (2013) 20–
32.https://doi.org/10.1016/j.jpowsour.2013.03.007 

[37] B. Scrosati, J. Garche, Y-K. Sun, Recycling lithium batteries, in: 
Advances in Battery Technologies for Electric Vehicles, 
Woodhead Publishing, 2015, pp. 503–
516.https://doi.org/10.1016/B978-1-78242-377-5.00020-0 

[38] J. Mohammadi Moradian, A. Ali, X. Yan, G. Pei, S. Zhang, A. 
Naveed, B. Yousaf, Sensors Innovations for Smart Lithium-
Based Batteries: Advancements, Opportunities, and Potential 
Challenges, Nano-Micro Lett. 17 (2025) 1–
80.https://doi.org/10.1007/s40820-025-01786-1 

[39] G. Zhang, D. Li, D. Yu, A. Du, Z. Chen, H. Ge, C. Yang, 
Stabilizing Halide Electrolytes against Lithium Metal with a 
Self-Limiting Layer for All-Solid-State Lithium Metal Batteries, 
ACS Nano 19 (2025) 14839–
14847.https://doi.org/10.1021/acsnano.4c18584 

[40] P. Verma, P. Maire, P. Novák, A review of the features and 
analyses of the solid electrolyte interphase in Li-ion batteries, 
Electrochim. Acta 55 (2010) 6332–
6341.https://doi.org/10.1016/j.electacta.2010.05.072 

[41] M. Winter, J.O. Besenhard, M.E. Spahr, P. Novak, Insertion 
electrode materials for rechargeable lithium batteries, Adv. 
Mater. 10 (1998) 725–763.https://doi.org/10.1002/(SICI)1521-
4095(199807)10:10<725::AID-ADMA725>3.0.CO;2-Z 

[42] C. Ma, C. Fu, S. Chang, X. Xu, G. Zhang, Z. Liu, Y. Ma, All-
Climate and Nonflammable Electrolyte with a Strong Anion–
Solvent Interaction for High-Performance Lithium Metal 
Batteries, ACS Energy Lett. 10 (2025) 1700–1711. 
https://doi.org/10.1021/acsenergylett.4c03307 

[43] G.R. Pastel, T.P. Pollard, O. Borodin, M.A. Schroeder, From Ab 
initio to instrumentation: A field guide to characterizing 
multivalent liquid electrolytes, Chem. Rev. 125 (2025) 3059–
3164.https://doi.org/10.1021/acs.chemrev.4c00380 

[44] W. Mrozik, M.A. Rajaeifar, O. Heidrich, P. Christensen, 
Environmental impacts, pollution sources and pathways of spent 
lithium-ion batteries, Energy Environ. Sci. 14 (2021) 6099–
6121.https://doi.org/10.1039/D1EE00691F 

[45] B. Huang, Z. Pan, X. Su, L. An, Recycling of lithium-ion 
batteries: Recent advances and perspectives, J. Power Sources 
399 (2018) 274–
286.https://doi.org/10.1016/j.jpowsour.2018.07.116 

[46] E.A. Olivetti, G. Ceder, G.G. Gaustad, X. Fu, Lithium-ion 
battery supply chain considerations: analysis of potential 
bottlenecks in critical metals, Joule 1 (2017) 229–
243.https://doi.org/10.1016/j.joule.2017.08.019 

[47] K. Sun, G. Thorsteinsson, D. Zhao, C. Owen, A. Ponnekanti, Z. 
Herman, D.A. Steingart, Chemo-mechanics and Morphological 
Dynamics of Si Electrodes in All-Solid-State Li-Ion Batteries, 
ACS Energy Lett. 10 (2025) 1229–
1234.https://doi.org/10.1021/acsenergylett.5c00132 

[48] J. Oh, T. Lee, N. Lee, Y. Sohn, J.Y. Kim, K.Y. Bae, J.W. Choi, 
Kinetically Engineered Lithiophilic Dual‐Metal Layers for 
Dendrite‐Free, High‐Energy Anode‐Less All‐Solid‐State 
Batteries, Battery Energy (2025) 
e70038.https://doi.org/10.1002/bte2.20250035 

[49] S. Shukla, G. Anand, S. Agarwal, Advancements in Solid-State 
Batteries for Electric Vehicles: A Comprehensive Review, Int. J. 
Smart & Sustainable Intell. Comput. 2 (2025) 1–
14.https://doi.org/10.63503/j.ijssic.2025.88 

[50] T.R. Somo, T.E. Mabokela, D.M. Teffu, T.K. Sekgobela, B. 
Ramogayana, M.J. Hato, K.D. Modibane, A comparative review 
of metal oxide surface coatings on three families of cathode 
materials for lithium ion batteries, Coatings 11 (2021) 
744.https://doi.org/10.3390/coatings11070744 

[51] W. Liu, M.S. Song, B. Kong, Y. Cui, Flexible and stretchable 
energy storage: recent advances and future perspectives, Adv. 
Mater. 29 (2017) 
1603436.https://doi.org/10.1002/adma.201603436 

[52] K. Faraj, M. Khaled, J. Faraj, F. Hachem, C. Castelain, A review 
on phase change materials for thermal energy storage in 
buildings: Heating and hybrid applications, J. Energy Storage 33 
(2021) 101913https://doi.org/10.1016/j.est.2020.101913 

[53] International Energy Agency, World Energy Investment 2023, 
International Energy Agency, (2023). 

[54] M. Sengupta, Environmental impacts of mining: monitoring, 
restoration,andcontrol,CRCPress,(2021).https://doi.org/10.1201
/9781003164012 

[55] B. He, H. Zheng, K. Tang, P. Xi, M. Li, L. Wei, Q. Guan, A 
comprehensive review of lithium-ion battery (LiB) recycling 
technologies and industrial market trend insights, Recycling 9 
(2024) 9.https://doi.org/10.3390/recycling9010009 

[56] L. Kurz, M. Faryadras, I. Klugius, F. Reichert, A. Scheibe, M. 
Schmidt, R. Wörner, Global warming potential of a new 
waterjet-based recycling process for cathode materials of 
lithium-ion batteries, Batteries 7 (2021) 
29.https://doi.org/10.3390/batteries7020029 

[57] M. Fan, X. Chang, Q. Meng, L.J. Wan, Y.G. Guo, Progress in 
the sustainable recycling of spent lithium‐ion batteries, SusMat 
1 (2021) 241–254.https://doi.org/10.1002/sus2.16 

[58] X. Lu, J. Luo, E. Matios, Y. Zhang, H. Wang, X. Hu, W. Li, 
Enabling high-performance sodium metal anodes via a 
sodiophilic structure constructed by hierarchical Sb2MoO6 
microspheres, Nano Energy 69 (2020) 
104446.https://doi.org/10.1016/j.nanoen.2020.104446 

[59] D.L. Thompson, J.M. Hartley, S.M. Lambert, M. Shiref, G.D. 
Harper, E. Kendrick, A.P. Abbott, The importance of design in 



 Comprehensive Review of Cutting-Edge Lithium Battery Technologies Highlighting Nanotechnology, Safety Improvements and Sustainability 
 

 
POWER, CONTROL AND DATA PROCESSING SYSTEMS - Vol 2(4), 2025 

Page | 17 

lithium ion battery recycling–a critical review, Green Chemistry 
22 (2020) 7585–7603.https://doi.org/10.1039/D0GC02745F 

[60] L. Gaines, The future of automotive lithium-ion battery 
recycling: Charting a sustainable course, Sustainable Materials 
and Technologies 1 (2014) 2–7. 
https://doi.org/10.1016/j.susmat.2014.10.001 

[61] X. Duan, W. Zhu, Z. Ruan, M. Xie, J. Chen, X. Ren, Recycling 
of lithium batteries  a review, Energies 15 (2022) 
1611.https://doi.org/10.3390/en15051611 

[62] J. Li, Y. Lu, T. Yang, D. Ge, D.L. Wood, Z. Li, Water-based 
electrode manufacturing and direct recycling of lithium-ion 
battery electrodes—a green and sustainable manufacturing 
system, IScience 23 
(2020).https://doi.org/10.1016/j.isci.2020.101081 

[63] A. Zanoletti, E. Carena, C. Ferrara, E. Bontempi, A review of 
lithium-ion battery recycling: technologies, sustainability, and 
open issues, Batteries 10 (2024) 
38.https://doi.org/10.3390/batteries10010038 

[64] Z. Zhang, Y. Wu, Z. Mo, X. Lei, X. Xie, X. Xue, H. Jiang, 
Research progress of silicon-based anode materials for lithium-
ion batteries, RSC Advances 15 (2025) 10731–
10753.https://doi.org/10.1039/D5RA01268F 

[65] X. Zheng, W. Gao, X. Zhang, M. He, X. Lin, H. Cao, Z. Sun, 
Spent lithium-ion battery recycling–Reductive ammonia 
leaching of metals from cathode scrap by sodium sulphite, Waste 
Management 60 (2017) 680–
688.https://doi.org/10.1016/j.wasman.2016.12.007 

[66] Y. Ji, E.E. Kpodzro, C.T. Jafvert, F. Zhao, Direct recycling 
technologies of cathode in spent lithium-ion batteries, Clean 
Technologies and Recycling 1 (2021) 124–
151.https://doi.org/10.3934/ctr.2021007 

[67] J.R. Martinez-Bolanos, M.E.M. Udaeta, A.L.V. Gimenes, V.O. 
da Silva, Economic feasibility of battery energy storage systems 
for replacing peak power plants for commercial consumers under 
energy time of use tariffs, Journal of Energy Storage 29 (2020) 
101373.https://doi.org/10.1016/j.est.2020.101373 

[68] Q. Wei, Y. Wu, S. Li, R. Chen, J. Ding, C. Zhang, Spent lithium 
ion battery (LIB) recycle from electric vehicles: A mini-review, 
Science of the Total Environment 866 (2023) 
161380.https://doi.org/10.1016/j.scitotenv.2022.161380 

[69] M. Craig-Scheckman, S. Moore, Supply chain competitiveness 
index: Evaluating US and China's lithium-ion battery industries, 
Resources Policy 107 (2025) 
105664.https://doi.org/10.1016/j.resourpol.2025.105664 

[70] International Energy Agency (IEA), Global EV Outlook 2025, 
Paris, (2025). 

[71] Berylls Strategy Advisors, Global Nickel and Cobalt Supply 
Chains, Berylls Report, (2023). 

[72] Z. Barnett-Itzhaki, S. Tifferet, D. Berkowic, T. Arviv, A. Daya, 
G.H. Carasso Romano, A. Levi, Strategies and challenges for 
green campuses, Front. Sustain. Cities. 7 (2025) 
1469274.https://doi.org/10.3389/frsc.2025.1469274 

[73] ACS Energy Letters, Substitution of Lithium with LFP, ACS 
Energy Lett., vol. 9, pp. 221–232, (2024). 

[74] P. Zheng, D. Young, T. Yang, Y. Xiao, Z. Li, Powering battery 
sustainability: a review of the recent progress and evolving 
challenges in recycling lithium-ion batteries, Front. Sustain. 
Resour. Manag. 2 (2023) 
1127001.https://doi.org/10.3389/fsrma.2023.1127001 

[75] M.S.H. Lipu, A.A. Mamun, S. Ansari, M.S. Miah, K. Hasan, S.T. 
Meraj, N.M. Tan, Battery management, key technologies, 
methods, issues, and future trends of electric vehicles: A 

pathway toward achieving sustainable development goals, 
Batteries 8 (2022) 119.https://doi.org/10.3390/batteries8090119 

[76] Tao Chen, Man Li, Joonho Bae, Recent Advances in Lithium 
Iron Phosphate Battery Technology: A Comprehensive Review, 
Batteries 10(12) (2024) 
424.https://doi.org/10.3390/batteries10120424 

[77] M.H. Lipu, M.A. Hannan, T.F. Karim, A. Hussain, M.H.M. 
Saad, A. Ayob, T.I. Mahlia, Intelligent algorithms and control 
strategies for battery management system in electric vehicles: 
Progress, challenges and future outlook, Journal of Cleaner 
Production 292 (2021) 
126044.https://doi.org/10.1016/j.jclepro.2021.126044 

[78] Asif Afzal, M.K. Ramis, Multi-objective optimization of thermal 
performance in battery system using genetic and particle swarm 
algorithm combined with fuzzy logics, Journal of Energy 
Storage 32 (2020) 
101815.https://doi.org/10.1016/j.est.2020.101815 

[79] Zhifu W., Yupu W., Zhi L., Qiang S., Yinan R., The optimal 
charging method research for lithium-ion batteries used in 
electric vehicles, Energy Procedia 104 (2016) 74-
79.https://doi.org/10.1016/j.egypro.2016.12.014 

[80] Ujjwal Datta, Akhtar Kalam, Juan Shi, A review of key 
functionalities of battery energy storage system in renewable 
energy integrated power systems, Energy Storage 3(5) (2021) 
e224.https://doi.org/10.1002/est2.224 

[81] B. Xiao, Z. Gao, H. Peng, K. Chen, Y. Li, K. Liu, Robust 
optimization of large-scale wind–solar storage renewable energy 
systems considering hybrid storage multi-energy synergy, 
Sustainability 16(1) (2023) 
243.https://doi.org/10.3390/su16010243 

[82] A. Shqairat, S. Liarte, P. Marange, C. Nuur, A. Chagnes, 
Implications of European Union regulation on the circular 
economy and stakeholder strategies in the electric vehicle 
lithium-ion battery sector, Management of Environmental 
Quality: An International Journal 36(1) (2025) 155–
182.https://doi.org/10.1108/MEQ-04-2024-0163 

[83] B. Baldassarre, S. Carrara, Critical raw materials, circular 
economy, sustainable development: EU policy reflections for 
future research and innovation, Resources, Conservation and 
Recycling 215 (2025) 
108060.https://doi.org/10.1016/j.resconrec.2024.108060 

[84] C.K. Chan, H. Peng, G. Liu, K. McIlwrath, X.F. Zhang, R.A. 
Huggins, Y. Cui, High-performance lithium battery anodes using 
silicon nanowires, Nature Nanotechnology, 3(1) (2008) 31–
35.https://doi.org/10.1038/nnano.2007.411 

[85] T. Reid, Boosting batteries, Nature Nanotechnology (2009) 1–1. 
https://doi.org/10.1038/nnano.2009.309 

[86] Y. Yang, W. Yuan, W. Kang, Y. Ye, Q. Pan, X. Zhang, ... & Y. 
Tang, A review on silicon nanowire-based anodes for next-
generation high-performance lithium-ion batteries from a 
material-based perspective, Sustainable Energy & Fuels, 4(4) 
(2020) 1577–1594.https://doi.org/10.1039/C9SE01165J 

[87] H. Niu, N. Zhang, Y. Lu, Z. Zhang, M. Li, J. Liu, ... & Z. Miao, 
Strategies toward the development of high-energy-density 
lithium batteries, 
JournalofEnergyStorage,88(2024)111666.https://doi.org/10.10
16/j.est.2024.111666 

[88] Q. Lemarié, H. Idrissi, E. Maire, P.X. Thivel, F. Alloin, L. Roué, 
Impact of the binder nature on the morphological change of 
sulfur electrodes upon cycling investigated by in situ 
characterization methods, Journal of 
PowerSources,477(2020)228374.https://doi.org/10.1016/j.jpow
sour.2020.228374 

https://doi.org/10.1016/j.resconrec.2024.108060
https://doi.org/10.1039/C9SE01165J
https://doi.org/10.1016/j.est.2024.111666
https://doi.org/10.1016/j.est.2024.111666
https://doi.org/10.1016/j.jpowsour.2020.228374
https://doi.org/10.1016/j.jpowsour.2020.228374


 Comprehensive Review of Cutting-Edge Lithium Battery Technologies Highlighting Nanotechnology, Safety Improvements and Sustainability 
 

 
POWER, CONTROL AND DATA PROCESSING SYSTEMS - Vol 2(4), 2025 

Page | 18 

[89] I. Ashurov, K. Akhunov, K. Ashurov, H. Wang, G. Wang, P. Ji, 
M. Kurbanov, Utilization of Silicon for Lithium-Ion Battery 
Anodes: Unveiling Progress, Hurdles, and Prospects, Appl. Solar 
Energy 60 (2024) 90–
126.https://doi.org/10.3103/S0003701X23601801 

[90] L. Shaw, M. Ashuri, Coating—A potent method to enhance 
electrochemical performance of Li (NixMnyCoz) O2 cathodes 
for Li-ion batteries, Adv. Mater. Lett. 10 (2019) 369–
380.https://doi.org/10.5185/amlett.2019.2256 

[91] Y. Niu, Z. Yu, Y. Zhou, J. Tang, M. Li, Z. Zhuang, ... & B. Tian, 
Constructing stable Li-solid electrolyte interphase to achieve 
dendrites-free solid-state battery: A nano-interlayer/Li pre-
reduction strategy, Nano Res. 15 (2022) 7180–7189. 
https://doi.org/10.1007/s12274-022-4362-y 

[92] Y.A. Kumar, N. Roy, T. Ramachandran, M.A. Assiri, S.S. Rao, 
M. Moniruzzaman, S.W. Joo, Revolutionizing energy storage: 
exploring the nanoscale frontier of all-solid-state batteries, 
Dalton Trans. 53 (2024) 12410–
12433.https://doi.org/10.1039/D4DT01133C 

[93] N.M. Saidi, M.A.A.M. Abdah, M.N. Mustafa, R. Walvekar, M. 
Khalid, A. Khosla, Advancements in silicon anodes for enhanced 
lithium‐ion batteries performance: innovations toward next‐gen 
superbatteries, Battery Energy (2025) 
e20240048.https://doi.org/10.1002/bte2.20240048 

[94] Y. Shi, P. Yin, J. Li, X. Xu, Q. Jiang, J. Li, ... & X. Li, 
Corrigendum to “Ultra-high rate capability of in-situ anchoring 
FeF3 cathode onto double-enhanced conductive Fe/graphitic 
carbon for high energy density lithium-ion batteries” [Nano 
Energy 108 (2023) 108181], Nano Energy 120 (2024) 
109172.https://doi.org/10.1016/j.nanoen.2023.109172 

[95] M. Khan, S. Yan, M. Ali, F. Mahmood, Y. Zheng, G. Li, ... & Y. 
Wang, Innovative solutions for high-performance silicon anodes 
in lithium-ion batteries: overcoming challenges and real-world 
applications, Nano-Micro Lett. 16 (2024) 
179.https://doi.org/10.1007/s40820-024-01388-3 

[96] Y.H. Zhang, L.R. Wu, J. Ma, G. Cui, Nanotechnology in solid 
state batteries, what’s next?, Next Nanotechnol. 2 (2023) 
100011.https://doi.org/10.1016/j.nxnano.2023.100011 

[97] S. Thomas, J.S. George (Eds.), Polymer-based Nanoscale 
Materials for Surface Coatings, Elsevier, 
(2023)https://doi.org/10.1016/B978-0-32-390778-1 

[98] Z. Zhang, P. Wang, X. Miao, P. Zhang, L. Yin, Flexible and 
Wearable Lithium‐Ion Batteries, in: Flexible and Wearable 
Electronics for Smart Clothing, pp. 131–162, 
2020https://doi.org/10.1002/9783527818556.ch6 

[99] C.L. Sravanthi, C.S. JN, Advances in Nano Metal Oxides and 
Nanotechnology for Lithium-Ion Batteries in EV: A 
Comprehensive Review, J. Mod. Technol. 2.01 (2025) 254–
263.https://doi.org/10.71426/jmt.v2.i1.pp254-263 

[100] G.A. Asamoah, M. Korsah, P.G.S.A. Jeyasundar, M. Ahmed, 
S.Y. Lau, M.K. Danquah, Nanotechnology-Based Lithium-Ion 
Battery Energy 
StorageSystems,Sustainability16(2024)9231.https://doi.org/10.
3390/su16219231 

[101] Y.L. Chang, C.C. Li, S.V. Chaganti, S.U. Sharma, S.L. Ho, Y.J. 
Chen, ... & J.T. Lee, Polymer Brush-Grafted Silicon 
Nanoparticles as a Binder-Free Anode for Enhanced Lithium-Ion 
Battery Performance, ACS Appl. EnergyMater.8 (2025) 6976–
6989.https://doi.org/10.1021/acsaem.5c00071 

[102] Redwood Materials, "Sustainable battery recycling and materials 
recovery,"(2023).[Online].Available:https://www.redwoodmate
rials.com.[Accessed: Aug. 8, 2025]. 

[103] Northvolt, "Sustainable battery manufacturing and recycling 
solutions," (2024). [Online]. Available: https://northvolt.com. 
[Accessed: Aug. 8, 2025]. 

[104] BYD Co. Ltd., "Sustainable practices and innovations in electric 
vehicle manufacturing," (2024). [Online]. Available: 
https://www.byd.com. [Accessed: Aug. 8, 2025]. 

[105] Li-Cycle Inc., "Innovative lithium-ion battery recycling 
solutions," (2024). [Online]. Available: https://li-cycle.com. 
[Accessed: Aug. 8, 2025]. 

[106] Tesla, Inc., "Design for recycling and sustainable electric vehicle 
technologies,"(2024).[Online].Available:https://www.tesla.com
.[Accessed: Aug. 8, 2025]. 

[107] Regulation (EU) 2023/1542 of the European Parliament and of 
the Council on batteries and waste batteries, Official Journal of 
the European Union, 2023. [Online]. Available: https://eur-
lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A32023R1542 

[108] M. Craig-Scheckman, “Supply chain competitiveness index: 
Evaluating US and China’s lithium-ion battery industries,” 
Resources 
Policy,vol.107,p.105664,2025,https://doi.org/10.1016/j.resourp
ol.2025.105664 

[109] Inflation Reduction Act of 2022, Pub. L. No. 117-169, 136 Stat. 
1818 
(2022).[Online].Available:https://www.congress.gov/bill/117th
congress/house-bill/5376 

[110] National New Energy Vehicle Industry Development Plan 
(2021–2035), The State Council of China, 2020. [Online]. 
Available: http://www.gov.cn/zhengce/content/2020-
11/02/content_5556714.htm 

[111] U.S. Department of Energy, “Battery Manufacturing and 
Recycling 
Programs,”DOEReports,2024.[Online].Available:https://www.e
nergy.gov/eere/vehicles/battery-manufacturing 

[112] Y. A. Kumar, N. Roy, T. Ramachandran, M. A. Assiri, S. S. Rao, 
M. Moniruzzaman, and S. W. Joo, "Revolutionizing energy 
storage: exploring the nanoscale frontier of all-solid-state 
batteries," *Dalton Trans.*, vol. 53, no. 30, pp. 12410–12433, 
2024. https://doi.org/10.1039/D4DT01133C 

[113] Bloomberg New Energy Finance, "Battery manufacturing cost 
survey 
2024,"BloombergNEF,Tech.Rep.,Dec.2024.Available:https://w
ww.bnef.com/insights/35543/view 

[114] International Energy Agency (IEA), *Global EV Outlook 2024: 
Technology and Cost Trends*, Paris, France: IEA, 2024. 
Available: https://www.iea.org/reports/global-ev-outlook-2024 

 

https://doi.org/10.1039/D4DT01133C
https://doi.org/10.1002/bte2.20240048
https://doi.org/10.1016/j.nanoen.2023.109172
https://doi.org/10.1016/j.nxnano.2023.100011
https://doi.org/10.1002/9783527818556.ch6
https://doi.org/10.71426/jmt.v2.i1.pp254-263
https://doi.org/10.3390/su16219231
https://doi.org/10.3390/su16219231
https://doi.org/10.1021/acsaem.5c00071
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023R1542
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023R1542
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023R1542
https://www.congress.gov/bill/117thcongress/house-bill/5376
https://www.congress.gov/bill/117thcongress/house-bill/5376
http://www.gov.cn/zhengce/content/2020-11/02/content_5556714.htm
http://www.gov.cn/zhengce/content/2020-11/02/content_5556714.htm
https://www.energy.gov/eere/vehicles/battery-manufacturing
https://www.energy.gov/eere/vehicles/battery-manufacturing
https://doi.org/10.1039/D4DT01133C

	1 Introduction
	2 Fundamentals of Lithium-ion Battery Technology and Their Functional Structure
	2.1 General Structure of a Lithium-ion Battery
	2.2 Mechanism of Operation
	2.3 Common Types of Lithium-ion Batteries
	2.4 Key Performance Characteristics

	3 Advances in Materials and System-Level Design of Lithium Batteries
	3.1 Advanced Anode Materials: From Graphite to Silicon and Lithium Metal
	3.2 High-Energy, Stable Cathode Materials
	3.3 Novel Electrolytes: Transitioning from Liquids to Solids
	3.4 Innovative Cell Architectures and Battery Design
	3.5 Sustainable and Recyclable Design Strategies
	3.6 Nanotechnology in Lithium Battery Materials and Design

	4 Technical, Safety, and Environmental Challenges of Lithium Batteries
	4.1 Technical Challenges
	4.2 Safety Challenges
	4.3 Environmental Challenges

	5 Innovative Solutions for Improving the Performance and Durability of Lithium Batteries
	5.1 Use of Nanostructures in Electrodes
	5.2 Improvement of Electrolytes and Use of Solid Electrolytes
	5.2.1 CAPEX and OPEX Analysis of Emerging Lithium Battery Technologies (Solid-State vs. Liquid Electrolytes)

	5.3 Surface Engineering of Electrodes
	5.4 Design of Flexible and Stretchable Battery Structures
	5.5 Smart Thermal Management
	5.6 Nanotechnology in Lithium Batteries: Innovations and Applications

	6 Economic Evaluation, Material Resources, and Recycling Issues of Lithium-Ion Batteries
	6.1 Economic Assessment of Lithium-Ion Batteries
	6.2 Raw Material Sources and Associated Challenges
	6.3 Recycling Challenges of Lithium-Ion Batteries
	6.4 The Future of Supply and Recycling Strategies

	7 Critical Analysis and Comparison with Previous Studies
	7.1 Strengths and Weaknesses of the Current Study
	7.2 Comparison with Previous Studies

	8 Future Outlook and Pathways for Sustainable Development
	8.1 Market Projections and Emerging Technologies
	8.2 New Battery Materials: Alternatives and Innovations
	8.3 Advanced Recycling and Circular Design Principles
	8.4 Integration with Renewable Energy and Smart Grid Systems
	8.5 Policy, Economics, and Social Pathways to Sustainability

	9 Conclusion and Recommendations

