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Abstract 

The rapid global expansion of electric vehicle (EV) adoption has intensified 

scrutiny of the lithium-ion battery (LIB) supply chain, exposing acute 

vulnerabilities related to critical mineral scarcity, geographically 

concentrated cobalt and lithium extraction, and end-of-life environmental 

burdens. This study examines the current landscape of post-lithium battery 

technologies, including sodium-ion, magnesium-ion, zinc-ion, aluminum-

ion, solid-state lithium-metal, lithium-sulfur, and metal-air chemistries, as 

candidate replacements or complements to conventional LIBs in eco-

friendly EV applications. Each chemistry is evaluated against a common set 

of criteria: gravimetric and volumetric energy density, cycle life, cost and 

raw material abundance, safety characteristics, and recyclability. 

Comparative data, presented in tabular and graphical form, indicate that 

while no single post-lithium chemistry currently matches the overall 

performance envelope of state-of-the-art LIBs, several technologies offer 

compelling advantages in sustainability, cost, and safety that make them 

strong candidates for specific EV segments, including short-range urban 

vehicles, stationary-to-mobile hybrid platforms, and next-generation long-

range vehicles once solid-state architectures mature. The study concludes 

that a diversified, multi-chemistry battery ecosystem, rather than a single 

successor to lithium-ion, is the most plausible pathway toward a sustainable 

electrified transportation sector, and it identifies key research priorities 

including electrolyte stability, cathode design, manufacturing scalability, 

and standardized life-cycle assessment methodologies. 

Keywords: post-lithium batteries; sodium-ion; solid-state batteries; lithium-sulfur; zinc-ion; electric vehicles; 

sustainability; critical minerals; battery recycling. 

1. Introduction 

Electric vehicles are widely regarded as a cornerstone technology for decarbonizing the global transportation sector, 

which currently accounts for a substantial share of anthropogenic greenhouse gas emissions. The transition from 

internal combustion engine vehicles to battery electric vehicles (BEVs) has accelerated markedly over the past decade, 

driven by tightening emissions regulations, falling battery costs, and expanding charging infrastructure. At the heart of 

this transition sits the lithium-ion battery, which has served as the dominant energy storage technology for EVs since 

the early 2010s due to its favorable combination of energy density, cycle life, and manufacturing maturity. 

However, the very success of lithium-ion technology has created a new set of sustainability challenges. Global lithium 

demand is projected to increase several-fold by the mid-2030s, placing intense pressure on a supply chain that is 

geographically concentrated, water-intensive, and, in the case of cobalt, associated with serious human rights and 
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environmental concerns in artisanal mining regions. Nickel and cobalt extraction and refining are energy-intensive 

processes that generate substantial greenhouse gas emissions and toxic tailings. Furthermore, end-of-life management 

of lithium-ion battery packs remains technically and economically challenging, with global recycling rates for 

consumer and automotive LIBs remaining low relative to the scale of future retirement volumes anticipated as the first 

generation of mass-market EV batteries reaches end of service life. 

These constraints have catalyzed a wave of research into "post-lithium" battery chemistries: energy storage systems 

that either replace lithium entirely with more abundant charge carriers, such as sodium, magnesium, zinc, or 

aluminum, or that retain lithium as a working ion but fundamentally redesign the cell architecture, as in solid-state and 

lithium-sulfur batteries, to reduce reliance on critical minerals such as cobalt and nickel and to improve safety and 

recyclability. This study synthesizes the current state of knowledge across these emerging chemistries, with a specific 

focus on their suitability for eco-friendly EV applications, and offers a comparative assessment intended to inform 

both academic research priorities and industrial technology roadmaps. 

Global EV sales have grown from a small niche market a decade ago to tens of millions of units annually, with 

international agencies projecting continued strong growth through the 2030s as more countries adopt supportive 

purchase incentives, emissions regulations, and charging infrastructure investment. This growth trajectory means that 

battery raw material demand, particularly for lithium, nickel, and cobalt, is expected to rise sharply over the coming 

decade, even as recycling infrastructure and secondary supply chains remain in early stages of development. Under 

these conditions, technology diversification is increasingly viewed not merely as a hedge against price volatility but as 

a structural necessity for sustaining the pace of vehicle electrification without exhausting economically accessible 

reserves of scarce elements or triggering unacceptable environmental and social costs in mining regions. 

The remainder of this paper is organized as follows. Section 2 outlines the principal limitations of conventional 

lithium-ion batteries that motivate the search for alternatives. Section 3 reviews seven major post-lithium technology 

families in turn, describing their working principles, performance characteristics, and current development status. 

Section 4 presents a comparative analysis, supported by tables and charts, of energy density, cost, and material 

abundance across chemistries. Section 5 discusses sustainability and environmental considerations, including life-

cycle emissions and recyclability. Section 6 outlines the principal technical and economic challenges that remain, and 

Section 7 concludes with an outlook on the likely trajectory of battery technology diversification in the EV sector. 

2. Conventional Lithium-Ion Batteries 

Despite continuous improvement, lithium-ion batteries face several structural limitations that constrain their long-term 

suitability as the sole energy storage solution for a fully electrified global vehicle fleet. 

2.1 Critical Mineral Scarcity and Geopolitical Concentration 

Lithium reserves are concentrated in a small number of countries, and cobalt production is dominated overwhelmingly 

by a single nation, creating supply chain fragility. Nickel-rich cathode chemistries, adopted to boost energy density 

and reduce cobalt content, introduce their own extraction and refining challenges, particularly where nickel is sourced 

from high-pressure acid leaching of laterite ores, a process associated with significant energy use and waste 

generation. 

2.2 Environmental Impact of Extraction 

Lithium extraction from brine deposits is water-intensive, raising concerns in arid regions where mining competes 

with local agricultural and community water needs. Hard-rock lithium mining and cobalt mining generate substantial 

solid waste and, in some regions, are linked to deforestation, habitat disruption, and water contamination from tailings. 

2.3 Safety Concerns 

Conventional liquid-electrolyte lithium-ion cells use flammable organic carbonate solvents, and thermal runaway 

remains a persistent safety risk, particularly under mechanical damage, overcharging, or manufacturing defects. High-

profile EV fire incidents have heightened public and regulatory attention to battery safety, spurring interest in 

inherently safer chemistries. 
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2.4 End-of-Life and Recycling Challenges 

Recovering lithium, cobalt, and nickel from spent battery packs typically requires energy-intensive pyrometallurgical 

or hydrometallurgical processes. Collection logistics, pack disassembly complexity, and variable cell chemistries 

across manufacturers further complicate recycling at scale, and current global recycling rates remain well below what 

will be needed as EV battery retirement volumes grow through the 2030s. 

2.5 Diminishing Returns from Incremental Cathode Chemistry Improvements 

Decades of research have progressively increased the nickel content of layered oxide cathodes and reduced cobalt 

content in order to raise energy density and lower cost, moving from early cobalt-rich formulations toward nickel-rich 

variants used in many current premium EVs. However, each successive increase in nickel content brings diminishing 

returns in energy density while introducing new challenges in thermal stability, cathode particle cracking, and surface 

reactivity with the electrolyte, requiring increasingly sophisticated and costly coating and doping strategies to maintain 

acceptable cycle life and safety. This trend suggests that conventional lithium-ion cathode chemistry is approaching a 

set of practical performance limits, reinforcing the case for exploring fundamentally different cell architectures rather 

than relying solely on continued incremental refinement of the existing nickel-cobalt-manganese framework. 

3. Post-Lithium Battery Technologies 

This section reviews seven major families of post-lithium battery technology currently under active development for 

EV and related mobility applications. 

3.1 Sodium-Ion Batteries 

Sodium-ion batteries (SIBs) replace lithium with sodium as the mobile charge carrier. Sodium is roughly a thousand 

times more abundant in the Earth's crust than lithium and can be sourced from widely distributed salt deposits and 

seawater, eliminating dependence on geographically concentrated brine or hard-rock lithium reserves. SIBs typically 

employ layered oxide or Prussian-blue-analogue cathodes paired with hard-carbon anodes, chemistries that avoid 

cobalt and nickel entirely. Current commercial and pre-commercial SIB cells achieve gravimetric energy densities in 

the range of roughly 90 to 160 Wh/kg, lower than mainstream NMC lithium-ion cells but sufficient for short-range 

urban EVs, two- and three-wheelers, and stationary storage applications. Several manufacturers announced 

commercial-scale sodium-ion cell production and initial vehicle integration in the 2023 to 2025 period, marking the 

most commercially advanced post-lithium chemistry to date. SIBs also exhibit favorable low-temperature performance 

and can typically be discharged to zero volts for transport and storage without the safety concerns associated with 

over-discharged lithium cells. 

3.2 Magnesium-Ion Batteries 

Magnesium-ion batteries exploit the divalent charge of the Mg2+ ion, which in principle allows two electrons to be 

transferred per ion, offering a theoretical volumetric energy density advantage. Magnesium is abundant, non-toxic, 

and, unlike lithium, does not tend to form dendrites during plating, which improves intrinsic safety. However, the 

divalent charge also creates strong electrostatic interactions with host cathode lattices, slowing ion diffusion and 

limiting rate capability and achievable capacity in practical cells. Suitable electrolytes that are both stable against the 

magnesium metal anode and compatible with high-voltage cathodes remain an active area of research. Current 

magnesium-ion cells remain at an early laboratory research stage, with reported energy densities generally below 150 

Wh/kg. 

3.3 Zinc-Ion Batteries 

Zinc-ion batteries (ZIBs), particularly aqueous variants, use water-based electrolytes that are non-flammable and 

inherently safer than organic-solvent lithium-ion systems. Zinc metal anodes benefit from a low reduction potential 

relative to hydrogen evolution stability in aqueous media, high theoretical capacity, and low cost, and zinc is widely 

mined and readily recyclable. ZIBs face challenges related to zinc dendrite formation, hydrogen gas evolution, and 

cathode dissolution over extended cycling, though manganese-oxide and vanadium-oxide cathode chemistries have 

shown promising cycle life in laboratory settings. Given their strong safety profile and low cost, zinc-ion batteries are 
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considered particularly well suited to stationary storage and are being explored for lightweight and low-speed EV 

applications, including micro-mobility platforms. 

3.4 Aluminum-Ion Batteries 

Aluminum-ion batteries leverage the trivalent Al3+ ion and the exceptional natural abundance and low cost of 

aluminum. Aluminum-ion cells using graphite cathodes have demonstrated remarkably high cycle life, in some 

laboratory reports exceeding several thousand cycles, alongside fast charging capability. However, achievable energy 

density remains relatively low, and the ionic liquid electrolytes typically required are costly and can be sensitive to 

moisture. Aluminum-ion technology remains at the laboratory research stage, with performance gains needed in 

cathode capacity and electrolyte stability before commercial EV application becomes feasible. 

3.5 Solid-State Batteries 

Solid-state batteries (SSBs) replace the flammable liquid electrolyte of conventional lithium-ion cells with a solid 

ceramic, polymer, or sulfide-based ionic conductor, while typically pairing this with a lithium-metal anode to 

maximize energy density. The elimination of flammable liquid electrolyte substantially improves intrinsic safety and 

can suppress dendrite growth if the solid electrolyte possesses sufficient mechanical strength, while the lithium-metal 

anode enables gravimetric energy densities projected in the range of 300 to 500 Wh/kg, a significant improvement 

over conventional graphite-anode lithium-ion cells. Solid-state batteries remain lithium-based and therefore do not 

resolve lithium supply concerns, but they can reduce or eliminate cobalt-rich cathode requirements when paired with 

alternative cathode chemistries, and their improved safety profile and higher energy density make them attractive for 

long-range and premium EV segments. Manufacturing challenges, including achieving intimate and stable solid-solid 

interfacial contact at scale, remain the primary barrier to commercialization, with most manufacturers targeting pilot 

production in the latter half of this decade. 

3.6 Lithium-Sulfur Batteries 

Lithium-sulfur (Li-S) batteries pair a lithium-metal anode with an elemental sulfur cathode, offering a theoretical 

gravimetric energy density several times that of conventional lithium-ion cathodes, since sulfur is light and can store 

multiple lithium ions per atom. Sulfur is inexpensive, abundant as a by-product of petroleum refining, and free of 

cobalt and nickel. The principal technical obstacle is the "polysulfide shuttle" effect, in which soluble lithium 

polysulfide intermediates migrate between electrodes during cycling, causing capacity fade and limiting cycle life to a 

few hundred to around a thousand cycles in current laboratory cells. Research into sulfur host materials, functional 

separators, and electrolyte additives has improved cycle stability considerably in recent years, and Li-S technology is 

regarded as a promising candidate for weight-sensitive applications such as electric aviation as well as long-range 

EVs, pending further cycle-life improvements. 

3.7 Metal-Air Batteries 

Metal-air batteries, most notably zinc-air and lithium-air variants, use ambient oxygen as the cathode active material, 

which is not stored within the cell and therefore offers a substantial theoretical energy density advantage, since only 

the metal anode and a lightweight air electrode need to be carried. Primary, non-rechargeable zinc-air cells are already 

commercially mature in applications such as hearing aids. Rechargeable metal-air batteries for EV application remain 

considerably more challenging, as the air electrode is prone to degradation from carbon dioxide and moisture ingress, 

and round-trip energy efficiency is typically lower than in sealed cell chemistries due to sluggish oxygen reduction and 

evolution reaction kinetics. Rechargeable metal-air technology for EVs remains at an early research and demonstration 

stage. 

3.8 Suitability by Electric Vehicle Segment 

The seven chemistries reviewed above are not equally suited to every category of electric vehicle, and matching 

chemistry to application is likely to be as important as any single breakthrough in overall material and materials 

science. Short-range urban vehicles and light electric two- and three-wheelers, which dominate vehicle sales by unit 

volume in several rapidly electrifying markets, place a premium on low upfront cost, safety in dense urban 
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environments, and tolerance of frequent partial charge-discharge cycling, criteria that align closely with the strengths 

of sodium-ion and aqueous zinc-ion chemistries. Passenger cars intended for daily commuting, where range 

requirements are moderate and cost sensitivity remains high, represent a natural early adoption pathway for sodium-

ion cells as they continue to mature. Premium and long-range passenger vehicles, by contrast, place a much higher 

premium on gravimetric and volumetric energy density in order to maximize range without excessive pack weight, 

favoring solid-state and, over a longer horizon, lithium-sulfur chemistries once their respective cycle-life and 

manufacturing challenges are addressed. Heavy-duty and commercial vehicles, where total cost of ownership and 

duty-cycle durability often outweigh absolute weight considerations, may benefit from the exceptionally long cycle 

life reported for aluminum-ion and certain zinc-ion cell designs, though further engineering validation at commercial 

vehicle scale is required before firm conclusions can be drawn. 

4. Comparative Analysis 

Table 1 summarizes key performance and commercialization metrics across the seven post-lithium technologies 

reviewed, benchmarked against conventional lithium-ion chemistry. Figure 1 presents the corresponding gravimetric 

energy density ranges graphically, illustrating the trade-off between chemistries that prioritize cost and safety, such as 

sodium-ion and zinc-ion, and those that prioritize maximum energy density, such as solid-state and lithium-sulfur 

systems. 

Table 1. Comparative overview of post-lithium battery technologies for EV applications 

Technology 

Energy 

Density 

(Wh/kg) 

Cycle 

Life 

(cycles) 

Raw Material 

Cost 
Safety Profile 

Commercializati

on Status 

Earth’s 

Crustal 

Abudan

ce  

Lithium-ion 

(baseline) 
150–260 

1,000–

2,000 

High (Li, Co 

scarcity) 

Moderate 

(thermal 

runaway risk) 

Mature, dominant 

in EVs 

20 

Sodium-ion 90–160 
2,000–

4,000 

Very low 

(abundant Na) 

Good, stable at 

low SOC 

Early commercial 

(2023–2025 

launches) 

23600 

Solid-State 

(Li-metal) 
300–500 

800–

1,500 

High (still Li-

based) 

High (non-

flammable 

electrolyte) 

Pilot-scale, pre-

commercial 

20 

Lithium-

Sulfur 
350–600 300–800 

Low (abundant 

S) 

Moderate 

(polysulfide 

shuttle) 

Lab/demonstrator 

stage 

350 

Magnesium-

ion 
60–150 

500–

1,000 

Low, abundant 

Mg 

High (no 

dendrite 

formation) 

Early research 

stage 

23300 

Zinc-ion 80–150 
1,000–

3,000 

Very low, 

abundant Zn 

Very high 

(aqueous, non-

flammable) 

Niche commercial 

(stationary) 

70 

Aluminum-

ion 
40–150 

2,000–

7,000 

Low, abundant 

Al 
High 

Lab-scale 

research 

82300 

Metal-Air 

(Zn-air) 

300–500 

(theoreti

<500 

(rechargea
Low 

Moderate (air 

electrode 

Primary cells 

commercial; 

70 
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Figure 1. Comparative gravimetric energy density ranges (Wh/kg) of post-lithium battery technologies relative 

to conventional lithium-ion cells. 

 
Sources: Comparative overview of post-lithium battery technologies for EV applications 

As shown in Figure 1, solid-state lithium-metal, lithium-sulfur and metal air offers the highest theoretical and 

demonstrated energy densities among the technologies reviewed, positioning them as the most direct long-term 

successors for long-range EV applications, provided their respective manufacturing and cycle-life challenges are 

resolved. Sodium-ion, magnesium-ion, and zinc-ion occupy a lower energy density band but compensate with 

substantially lower cost, superior raw material abundance, and, in the case of aqueous zinc-ion systems, markedly 

improved intrinsic safety. 

Raw material abundance is a critical determinant of long-term scalability. Figure 2 compares the crustal abundance of 

the principal elements used across these chemistries. Lithium is markedly scarcer than sodium, magnesium, aluminum, 

iron, and even zinc, reinforcing the strategic rationale for diversifying the EV battery chemistry portfolio away from 

exclusive reliance on lithium-based systems. 
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Figure 2. Earth's crustal abundance (ppm, logarithmic scale) of key elements used in post-lithium and lithium-

ion battery chemistries. 

 
Sources: Comparative overview of post-lithium battery technologies for EV applications 

Beyond the individual comparisons summarized in Table 1, it is instructive to consider how these technologies might 

be combined within a single vehicle platform or across a manufacturer's product line. Several automakers and battery 

developers have already signaled interest in a "chemistry-agnostic" platform strategy, in which a common vehicle 

architecture can accommodate different cell chemistries depending on the target market segment and price point, 

allowing sodium-ion packs to be offered in base trims optimized for affordability and urban use while higher-energy-

density lithium-ion or, eventually, solid-state packs are reserved for long-range variants. Such an approach would 

allow manufacturers to hedge against raw material price volatility and supply disruption while gradually building 

manufacturing and quality-control experience across multiple chemistries in parallel, rather than making a singular, 

high-risk bet on any one post-lithium technology reaching maturity on a fixed timeline. 

5. Sustainability and Environmental Impact 

Beyond raw material abundance, the overall environmental case for post-lithium technologies rests on several 

additional factors: the energy intensity of cathode and anode synthesis, the toxicity of processing chemicals, the ease 

of end-of-life recycling, and the life-cycle greenhouse gas emissions associated with cell manufacturing. Table 2 

summarizes qualitative and, where available, quantitative sustainability indicators for representative post-lithium 

chemistries relative to conventional nickel-manganese-cobalt (NMC) lithium-ion cells 

Table 2. Sustainability comparison of lithium-ion versus selected post-lithium chemistries 

Criterion Li-ion (NMC/NCA) Sodium-ion Zinc-ion / Solid-State 

Critical mineral 

dependency 
High (Co, Ni, Li) Minimal Low to moderate 

Mining 

environmental 

burden 

Severe (brine 

extraction, cobalt 

mining) 

Low (salt-derived Na) Low 

Recyclability 
Complex, costly 

hydrometallurgy 

Simpler chemistry, 

easier recovery 

Aqueous systems simplify 

recycling 

End-of-life toxicity Moderate to high Low Low 

Estimated carbon 

footprint 

60–100 kg CO2-

eq/kWh 

30–50 kg CO2-eq/kWh 

(est.) 

35–70 kg CO2-eq/kWh 

(est., varies by design) 

https://ijcope.org/


International Journal of Creative and Open Research in Engineering and Management    

ISSN: 3108-1754 (Online) 

Volume 02 Issue 08 Augustl-2026 | Impact Factor: 3.5 

 

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/                                                                                                              8 

 

(manufacturing) 

Sodium-ion and zinc-ion technology offer the clearest sustainability advantages, owing to their reliance on abundant, 

low-toxicity, and geographically distributed raw materials, alongside simpler processing chemistry that is expected to 

translate into lower manufacturing carbon intensity and more straightforward recycling pathways. Solid-state batteries 

present a more nuanced picture: while they retain lithium as the working ion and therefore do not resolve lithium 

supply concerns, their improved safety profile can reduce failure-related waste, and pairing solid electrolytes with 

cobalt-free cathodes can meaningfully reduce the critical-mineral footprint relative to conventional NMC cells. 

It is important to note that life-cycle assessment (LCA) data for emerging technologies remain limited relative to the 

extensive LCA literature available for mature lithium-ion systems, and reported figures for manufacturing carbon 

intensity should be treated as preliminary estimates subject to revision as production scales and process data become 

available. Standardizing LCA methodology across the battery research community is identified in this study as a 

priority for enabling robust, comparable sustainability assessments going forward. 

6. Challenges and Future Directions 

6.1 Technical Challenges 

• Electrolyte stability: many post-lithium chemistries, particularly magnesium-ion and aluminum-ion systems, 

require further development of electrolytes that are simultaneously stable against reactive metal anodes and 

compatible with high-capacity cathode materials. 

• Cathode design: achieving high specific capacity and long cycle life in cobalt-free and nickel-free cathode 

materials remains an active research area across nearly all post-lithium chemistries. 

• Interfacial engineering: solid-state batteries in particular require improved solid-solid interfacial contact and 

mechanical durability to suppress dendrite penetration and maintain performance over thousands of charge-

discharge cycles. 

• Polysulfide and shuttle effects: lithium-sulfur batteries require continued innovation in sulfur host 

architectures, functional separators, and electrolyte additives to extend cycle life toward the thousands of cycles 

required for automotive service. 

• Rate capability: multivalent-ion chemistries such as magnesium-ion and aluminum-ion face intrinsically 

slower ion diffusion kinetics that constrain fast-charging performance. 

6.2 Manufacturing and Economic Challenges 

Scaling any emerging battery chemistry from laboratory demonstration to gigafactory-scale automotive production 

requires substantial capital investment, supply chain development for novel precursor materials, and the establishment 

of quality control standards specific to each chemistry. Sodium-ion technology has progressed furthest toward 

commercial-scale manufacturing, benefiting in part from process similarities to existing lithium-ion production lines, 

which lowers capital expenditure barriers to adoption. Solid-state and lithium-sulfur technologies, by contrast, require 

more substantial retooling of production processes, which has contributed to longer commercialization timelines. 

6.3 Recycling and Circular Economy Considerations 

A sustainable transition to post-lithium battery chemistries cannot be assessed solely on the basis of raw material 

extraction; end-of-life management is equally important to the overall environmental case for any given technology. 

Aqueous zinc-ion and sodium-ion chemistries are generally expected to be easier to recycle than conventional NMC 

lithium-ion cells, since they avoid cobalt and nickel and, in the case of zinc-ion systems, use water-based electrolytes 

that simplify cell disassembly and material recovery relative to the organic solvents used in lithium-ion cells. 

However, dedicated recycling infrastructure for these emerging chemistries does not yet exist at meaningful scale, and 

process economics for recovering low-value elements such as sodium and zinc, which are inexpensive to mine in the 

first place, may differ substantially from the economics that currently justify lithium-ion recycling, where the high 

value of recovered cobalt and nickel helps offset processing costs. Establishing recycling pathways and secondary 

material markets in parallel with, rather than after, the commercial scale-up of post-lithium technologies is likely to be 

an important factor in realizing their full sustainability potential. 
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6.4 Standardization and Policy 

The absence of standardized testing protocols and life-cycle assessment methodologies across emerging battery 

chemistries complicates direct comparison of sustainability claims and can slow regulatory approval and investor 

confidence. Coordinated policy support, including research funding, recycling infrastructure investment, and 

harmonized international standards for battery safety and environmental reporting, is likely to play an important role in 

accelerating the transition toward a diversified and more sustainable EV battery ecosystem. 

6.5 Priority Research Directions 

• Development of low-cost, high-voltage-stable electrolytes for multivalent-ion chemistries (magnesium-ion, 

aluminum-ion, zinc-ion) to close the remaining energy density gap with lithium-ion cells. 

• Scalable, defect-tolerant manufacturing processes for solid electrolyte films and lithium-metal anodes to bring 

solid-state battery costs down toward parity with conventional cells. 

• Sulfur host architectures and separator coatings capable of suppressing the polysulfide shuttle effect over 

thousands of cycles, extending lithium-sulfur battery lifetime to levels required for automotive warranty periods. 

• Standardized, transparent life-cycle assessment protocols specific to each post-lithium chemistry, enabling 

apples-to-apples sustainability comparisons across the industry and supporting evidence-based policy design. 

• Pilot-scale recycling demonstration projects for sodium-ion and zinc-ion cells, developed concurrently with 

manufacturing scale-up rather than retrofitted after significant market penetration has already occurred. 

7. Conclusion 

This study has examined major families of post-lithium battery technology, sodium-ion, magnesium-ion, zinc-ion, 

aluminum-ion, solid-state lithium-metal, lithium-sulfur, and metal-air chemistries, as candidate contributors to a more 

sustainable and eco-friendlier electric vehicle sector. The comparative analysis presented here indicates that no single 

technology currently matches the complete performance envelope of conventional lithium-ion batteries across energy 

density, cycle life, cost, safety, and manufacturing maturity simultaneously. Instead, the evidence supports a future in 

which multiple battery technologies coexist, each matched to the segment of the EV market for which its particular 

balance of attributes is best suited: sodium-ion and zinc-ion for cost-sensitive urban and micro-mobility applications; 

solid-state and lithium-sulfur batteries for long-range and premium vehicles once manufacturing and cycle-life 

challenges are resolved; and magnesium-ion and aluminum-ion chemistries as longer-horizon candidates pending 

further electrolyte and cathode innovation. Realizing this diversified battery future will require sustained research 

investment, the development of standardized sustainability assessment frameworks, and coordinated policy support for 

manufacturing scale-up and recycling infrastructure. Achieving these goals would meaningfully reduce the 

environmental and geopolitical burdens associated with the current lithium-ion-dominated EV supply chain while 

supporting continued growth in global electric vehicle adoption. Ultimately, the transition away from a single 

dominant battery chemistry mirrors broader patterns of technological maturation seen in other energy sectors, where 

an initial period of convergence on one dominant design is eventually followed by diversification as application-

specific demands become better understood; the electric vehicle battery sector appears to be entering precisely this 

diversification phase. 

7.1 Limitations of The Study 

This study has relied primarily on published laboratory-scale performance data and early-stage commercial 

announcements both of which can be subject to optimistic framing and may not fully reflect the performance 

achievable once a given chemistry is manufactured at automotive gig factory scale under real-world quality control 

and cost constraints. Cost figures in particular are difficult to project with confidence given the volatility of raw 

material markets and the early stage of manufacturing process development for most of the chemistries discussed. 

Readers should therefore treat the comparative figures presented here as indicative of relative trends and trade-offs 

rather than as precise predictive benchmarks, and should consult the most current primary literature and manufacturer 

disclosures when making specific technology investment or procurement decisions. 
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