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Abstract:

As electric vehicles (EVs) transition from niche adoption to mass-market reality, the underlying lithium-
ion battery (LIB) architecture has begun to show limitations in cost, safety, and sustainability. This paper
presents a comprehensive exploration of emerging post-lithium battery technologies—namely sodium-
ion, potassium-ion, magnesium/calcium-ion, aluminum-ion, lithium-sulfur, lithium-air, and solid-state
batteries—each promising to address one or more of LIB's systemic flaws. Drawing from recent
breakthroughs in materials science and electrochemistry, we examine the technical maturity,
environmental implications, commercial viability, and infrastructure requirements for each chemistry. We
conclude by identifying critical challenges and strategic pathways for large-scale deployment of these
battery systems in pursuit of resilient, low-carbon electric mobility.
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1. INTRODUCTION

Electrification of transportation stands as one of the most crucial shifts in the fight against climate change,
with battery-powered vehicles seen as the linchpin of this transition. Yet, the dominance of lithium-ion
batteries (LIBs)—which have enabled this revolution—now faces scrutiny over long-term viability. Key
concerns include escalating material costs, limited recyclability, energy-intensive manufacturing, and
supply-chain vulnerabilities. These issues have prompted an industry-wide pivot to post-lithium battery
chemistries that utilize more abundant, safer, and potentially more powerful alternatives.

With EV battery pack prices falling over 90% in the last decade—from over $1,000/kWh in 2010 to around
$115/kWh in 2024——cost remains a key barrier but no longer the only one.
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EV battery pack price decline (2010-2024) - Line graph illustrating 90% cost reduction from $1,200/kWh
to $115/kWh (BNEF 2024, IEA 2024)

Thermal-runaway incidents and battery fires have also raised concerns among consumers and regulators,
especially in densely populated regions. Regional survey data shows heightened anxiety about battery
safety in emerging markets like India and China.
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Consumer concern about EV battery safety by region - Bar chart showing 29-32% concern in
US/Germany/Japan vs 38-45% in China/Asia/India (Deloitte 2024 Global Automotive Consumer Study)
In response, researchers have begun developing next-generation batteries built on non-lithium metals such
as sodium, potassium, magnesium, calcium, and aluminum—many of which are far more abundant and
less environmentally taxing.

2. Environmental and Geopolitical Imperatives

2.1 Resource Availability and Supply Chain Risks

LLIBs depend on high-purity lithium, cobalt, and nickel, each concentrated in a few geographic zones.
For example, over 70% of the world’s cobalt supply originates from the Democratic Republic of Congo,
often involving child labor and unsustainable mining practices. China controls over 60% of the global
lithium refining capacity, introducing critical geopolitical risks. Sodium, in contrast, is available globally
and can be sourced from seawater and table salt. Similarly, potassium and aluminum are present in vast
quantities, reducing raw material vulnerability.

2.2 Toxicity and Lifecycle Impacts

LIB production emits harmful chemicals like hydrofluoric acid, and traditional LIBs have poor
recyclability due to complex material separation. In contrast, post-lithium chemistries such as sodium-ion
and aluminum-ion use environmentally benign materials. Studies show that sodium-ion battery systems
can reduce total lifecycle emissions by up to 45%, mainly by eliminating energy-intensive processes like
cobalt extraction and lithium refining.

Additionally, aluminum-ion and magnesium-ion systems demonstrate non-toxic electrolyte formulations
that eliminate fire hazards—a critical public-safety concern, especially in urban transport applications.
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3. Emerging Post-Lithium Chemistries

3.1 Sodium-Ion Batteries (NIBs)

Sodium-ion batteries are among the most promising alternatives. Their key advantage lies in affordability
and abundance. Current commercial models from Farasis Energy power the JIMEV EV3 with a real-world
range of 251 km and energy densities of 160 Wh/kg, with second-generation packs expected to exceed
200 Wh/kg by 2026.

Farasis Sodium-Ion Battery Pack in JMEV EV3
Hard carbon anodes engineered via defect tuning at Imperial College deliver over 300 mAh/g, while
layered oxides and Prussian blue analogues offer stable cycle life. Additionally, these systems outperform
lithium-ion at low temperatures, retaining over 90% capacity at —20°C.

3.2 Potassium-Ion Batteries (KIBs)

KIBs offer rapid charge-discharge cycles and high-power output, thanks to potassium’s larger ionic radius
and faster diffusion kinetics. Carbon-based anodes with hollow nanostructures reduce volume strain,
achieving 93% capacity retention over 500 cycles. However, KIBs remain limited by unstable electrolytes
above 4.5V, prompting ongoing research into solid-state and ionic-liquid alternatives.

3.3 Multivalent Batteries: Magnesium and Calcium
Magnesium- and calcium-ion systems deliver 2—-3 times the volumetric energy density of LIBs due to
multivalent charge. These chemistries also avoid dendrite formation, enhancing safety. Breakthroughs
from the University of Waterloo and UC Berkeley have enabled 3V operation in magnesium cells using
new chloride-free electrolytes, marking major progress.
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Prototype Magnesium-Ion Coin Cell Battery With Organic Cathode (University of Waterloo)
Calcium cells show promise at room temperature with reversible plating, but cycle life and high-voltage
compatibility still lag behind.

3.4 Solid-State Sodium-Air Batteries

Li-S batteries provide a high theoretical specific energy (~550 Wh/kg) and use abundant sulfur instead of
cobalt or nickel. Challenges remain around the “shuttle effect” of polysulfides, which degrades cycle life.
Research at Rice University has extended capacity retention over 1,000 cycles using sulfurized carbon

electrodes.
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Polysulfide Shuttle Mechanism Diagram
Li-S is already used in long-duration drones and satellites, indicating readiness for niche application

3.5 Aluminum Dual-Ion Batteries (AIBs)

Li-air batteries mimic combustion engines by using oxygen from the air as a reactant. They could
theoretically achieve energy densities near 40 MJ/kg—rivaling gasoline. However, challenges include
electrolyte degradation, air filtration, and low round-trip efficiency. Active research continues on aqueous,
solid-state, and hybrid electrolyte designs.

3.6 Aluminum-Ion Batteries (AIBs)

Aluminum-ion systems use inexpensive, non-toxic materials and deliver ultra-long life—up to 15,000
charge cycles without significant degradation. These batteries are thermally stable and resist dendrite
formation. Graphene-coated cathodes and advanced current collectors are being developed to address
exfoliation risks.
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Comparative Life Cycle Assessment of a Novel Al-Ion and a Li-lon Battery for Stationary Applications
(by Mario Amin Salgado Delgado ,*,Lorenzo Usai ,Linda Ager-Wick Ellingsen ,Qiaoyan Pan and Anders
Hammer Stromman

Materials 2019, 12(19), 3270; https://doi.org/10.3390/mal12193270)

3.7 Solid-State Batteries

Solid-state batteries use non-flammable solid electrolytes, significantly reducing fire risk and enhancing
energy density by eliminating liquid separators. Toyota and QuantumScape are leading efforts to
commercialize packs with 500+ Wh/kg and charging from 10-80% in under 15 minutes. Operando
microscopy has revealed challenges in maintaining structural integrity at the lithium interface.
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Relaxed interface structures for the Li/Li2S and Li-Mg/Li2S with one Li vacancy near the interface.(Zhao,
L., Feng, M., Wu, C. et al. Imaging the evolution of lithium-solid electrolyte interface using operando
scanning electron microscopy. Nat Commun 16, 4283 (2025). https://doi.org/10.1038/s41467-025-59567-

8)

4. Comparative Analysis and Market Readiness

Post-lithium batteries present a diverse landscape of trade-offs. Sodium-ion is already in early EVs, solid-
state packs are near commercial launch, and aluminum-ion systems are nearing stationary applications.
Each chemistry targets a unique segment:

e Sodium-ion: Urban and cost-sensitive EV markets

e Solid-state: High-performance EVs with safety priority
e Li-S and Li-air: Aerospace and long-range vehicles

e Al-ion, Mg-ion: Long-life or second-life grid storage
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Energy density 100-265 Wh/kg, 450 Wh/kg 100-160 Wh/kg’, 25-35Wh/L
250-670 Wh/L {potential) 330 Wh/L*
Calendar life 5-10 years Limited dota 15-20 years 15 years
Critical mineral Lithium, cobalt Lithium, cobalt Low (depending Vanadium
use on cathode
chemistry)
Stage of Commerclalised Yet to be Commercialised Commercialised
development at-scale commercialised
globally
Safety Moderate High? Moderate High

CEEW-CEF compilation from multiple sources
Manufacturing compatibility also plays a major role. Sodium-ion batteries can reuse lithium-ion
production lines, while solid-state and aluminum-ion systems require major infrastructure overhauls.
Lifecycle assessments suggest solid-state batteries could cut carbon footprint by 39% over LIBs.

5. Strategic Research and Future Perspectives
The road to commercialization is paved with challenges but also ripe with opportunity. Key focus areas
include:
e Anion Redox Cathodes — Enabling reversible S and O redox for higher capacity.
e Stable Solid Electrolytes — Developing oxides and sulfides with >1 mS/cm conductivity.
e Advanced Battery Management Systems (BMS) — Especially for sodium- and aluminum-ion
chemistries.
Thermal Interface Materials — To accommodate temperature-resilient battery packs.
Recycling and Recovery — Flash Joule heating and direct-cathode recovery for circular economy.
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Flash Joule Recycling Efficiency Before/After TEM Micrograph (https://news.rice.edu/news/2022/rice-
flashes-new-life-lithium-ion-anodes)

Policy support, R&D funding, and global standardization will be essential to accelerate testing,
certification, and deployment. Public-private partnerships like the Battery500 Consortium and EU’s
Battery Alliance offer blueprints for collaborative innovation.
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6. Conclusion

Post-lithium battery technologies offer not just alternatives, but potential improvements in sustainability,
performance, and cost. Sodium-ion batteries have already reached commercial deployment, while solid-
state and aluminum-ion technologies are entering final testing phases. Though challenges remain in
scaling, electrolyte development, and infrastructure readiness, the next decade is likely to see a diversified
EV battery market less reliant on lithium and its associated drawbacks.

This evolution will not only enable cleaner vehicles but also build a more resilient and equitable global
energy system—one not tied to a single scarce resource or region. The age of post-lithium batteries is not
a distant dream, but an emerging reality.
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