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Abstract Review Article

The rapid evolution of energy storage technologies demands advanced materials that overcome the inherent limitations of
conventional lithium-ion and solid-state batteries. Nanomaterials, with their unique physicochemical properties, have emerged
as pivotal candidates for enhancing electrochemical performance, stability, and safety. This review presents a physics-driven
exploration of cutting-edge nanomaterials, emphasizing their role in addressing critical challenges such as ion transport
kinetics, interfacial stability, and mechanical degradation. We first discuss fundamental principles governing nanomaterial
behavior in batteries, including quantum confinement effects, surface energy contributions, and nanoscale ion diffusion
mechanisms. Next, we analyze recent breakthroughs in nanostructured electrodes—such as silicon-based anodes, high-entropy
cathodes, and 2D material composites—that enable high capacity and long cycle life. For solid-state batteries, we evaluate
nanostructured solid electrolytes and interface engineering strategies that suppress dendrite growth while improving ionic
conductivity. Advanced characterization techniques and computational modeling are highlighted as essential tools for
understanding and optimizing nanomaterial performance. Finally, we identify key challenges in scalability, manufacturing,
and long-term stability, offering perspectives on future research directions, including sustainable nanomaterial design and
integration with next-generation battery chemistries. This review bridges fundamental science with practical applications,
providing insights for researchers working at the intersection of nanotechnology and energy storage.
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INTRODUCTION

The global energy paradigm is undergoing a
radical transformation, driven by the urgent need to
decarbonize energy systems and electrify transportation
networks. As nations strive to meet ambitious climate
targets outlined in the Paris Agreement, the demand for
advanced energy storage solutions has never been more
pressing. Lithium-ion batteries (LIBs), the current
cornerstone of electrochemical energy storage, are
approaching their theoretical performance limits,
constrained by fundamental material properties and
safety concerns (Chu et al, 2017). Meanwhile, solid-
state batteries (SSBs) have emerged as a promising
alternative, offering potentially higher energy densities
and improved safety profiles, yet facing significant
challenges in interfacial stability and manufacturing
scalability (He et al., 2023). At this critical juncture,
nanomaterials are poised to revolutionize battery
technology by enabling unprecedented control over
electrochemical processes at atomic and molecular
scales. This review presents a comprehensive, physics-
driven examination of how nanostructured materials are
reshaping the landscape of next-generation energy
storage systems. The rapid electrification of
transportation and the integration of intermittent
renewable energy sources into power grids have created
an insatiable demand for high-performance batteries
(Sun et al, 2023). Current state-of-the-art LIBs, with
energy densities typically ranging between 250-300
Wh/kg, are insufficient to meet the requirements of
emerging applications such as electric aviation (500
Wh/kg) and long-range electric vehicles (400+ Wh/kg)
(An et al., 2024). Moreover, growing concerns about the
geopolitical risks and environmental impacts associated
with critical battery materials like cobalt and nickel have
intensified the search for alternative chemistries
(Baumann et al., 2024). Recent breakthroughs in solid-
state battery technology, particularly the development of
ultra-thin solid electrolytes with exceptional ionic
conductivity (>10 mS/cm at room temperature), have
opened new possibilities for safer, higher-energy-density
storage systems (Zhang et al., 2024). However, the
commercial viability of these systems depends on
solving fundamental challenges related to interfacial
resistance, dendrite formation, and manufacturing costs -
areas where nanomaterials offer transformative solutions
(Zhong et al., 2024).

Nanostructured materials exhibit unique
properties that directly address the most pressing
limitations in battery technology. The nanoscale
confinement of active materials leads to dramatically
shortened ion diffusion paths, with lithium diffusion
coefficients increasing by 2-3 orders of magnitude
compared to bulk materials (Zhang et al, 2023).
Quantum size effects in sub-10 nm particles can modify
electronic band structures, enabling higher theoretical
capacities than their bulk counterparts. Recent studies
have demonstrated that silicon nanowires with precisely
controlled diameters (50-100 nm) can achieve >3000

mAh/g capacity while maintaining structural integrity
over 1000 cycles, a feat impossible for bulk silicon (Zhao
et al., 2025). In solid-state systems, nanostructured
ceramic electrolytes like LLZO (Li7La3Zr2012) have
shown ionic conductivities approaching 1 mS/cm at
room temperature when engineered with optimal grain
boundary structures (Lu et al., 2023). Two-dimensional
materials such as MXenes and phosphorene have
revealed extraordinary pseudocapacitive behavior, with
charge storage mechanisms that defy conventional
battery physics (Anasori et al.,, 2023). However, these
advantages come with significant challenges, including
increased surface reactivity, complex synthesis
requirements, and potential agglomeration issues that
must be carefully managed through advanced material
design (Waris et al., 2023).

The rational design of nanomaterial-based
batteries requires a deep understanding of the
fundamental physics governing their behavior. Recent
advances in operando characterization techniques have
revealed that quantum confinement effects in sub-5 nm
electrode particles can significantly alter lithium
intercalation potentials by up to 0.5 V (Lester et al.,
2023). First-principles calculations have demonstrated
that surface oxygen vacancies in transition metal oxide
nanoparticles can reduce lithium diffusion barriers by as
much as 60% compared to perfect crystal surfaces (Wei
et al., 2024). At interfaces, the formation of space-charge
layers in solid-state systems is highly dependent on
nanoscale morphology, with atomically precise coatings
reducing interfacial resistance by orders of magnitude.
Thermodynamically, the increased surface energy of
nanoparticles can stabilize metastable phases that would
be inaccessible in bulk materials, offering new pathways
for high-capacity storage (Zhao et al, 2025). Recent
work has also highlighted the critical role of nanoscale
strain engineering in layered oxide cathodes, where
controlled lattice distortions can suppress detrimental
phase transitions during cycling (Mauger et al., 2025).
These insights are enabling a new paradigm of battery
design where materials are engineered from the atomic
scale up to achieve optimal performance. This review
offers a unique perspective by systematically bridging
fundamental physics with practical applications in next-
generation battery technologies. Moving beyond
conventional approaches that emphasize material
synthesis or electrochemical performance in isolation,
we present an integrated framework that connects
quantum-scale phenomena, nanoscale thermodynamics,
and macroscopic battery performance. Beginning with
an exploration of the core physical principles governing
nanomaterial behavior in electrochemical systems, the
discussion progresses to examine cutting-edge
advancements in nanostructured electrodes and
electrolytes. Special attention is given to emerging
characterization techniques and computational methods
that are transforming our understanding of nanoscale
processes in energy storage. The review concludes by
addressing key challenges in scalability and
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commercialization, while offering insights into future
research directions.

2. Fundamental Physics Governing Nanomaterial-
Enhanced Batteries
2.1 Quantum Confinement and Electronic Structure
Modulation in Electrodes

Quantum  confinement  effects become
dominant when electrode materials are scaled below 10
nm, leading to discrete electronic states and altered band
structures that profoundly impact electrochemical
behavior. For instance, density functional theory (DFT)
calculations reveal that silicon nanoparticles below 5 nm
exhibit a direct-to-indirect bandgap transition, increasing
the Li* intercalation potential by 0.3 V compared to bulk
Si (Zhao et al., 2025). Experimental studies on MoS,
monolayers demonstrate a 40% enhancement in specific
capacity (from 670 mAh/g to 940 mAh/g) due to
quantum-confinement-induced charge localization at
sulfur edges, which facilitates additional Li* storage sites
(Zhang et al., 2023). Furthermore, metallic nanoparticles

like Sn and Sb show suppressed phase separation during
alloying reactions when confined below 10 nm, as
confirmed by in situ X-ray diffraction (XRD), leading to
improved cycle life (Zhang et al., 2024). These effects
are not limited to anodes; in cathodes such as LiCoO,,
quantum confinement in ultrathin nanosheets (<5 nm
thick) reduces charge-transfer resistance by 60% due to
enhanced electronic conductivity along confined planes
(KRen et al., 2022).

Key Advances:

e 2D Materials: MoS; monolayers show a transition
from indirect (bulk, 1.2 ¢V) to direct bandgap (1.8
eV), enhancing charge transfer kinetics by 5x

e Oxide Cathodes: Co30, nanoparticles (4 nm)
exhibit metallic behavior due to quantum tunneling,
achieving 1200 mAh/g capacity (vs. 890 mAh/g for
bulk).

Table 1: Quantum Confinement Effects in Common Battery Materials

Material | Size (nm) | Bandgap Change (eV) | Capacity Increase (%)
Si 3 1.1 - 1.8 40

MoS, Monolayer | 1.2 — 1.8 500

Co30, 4 2.1 — Metallic 35

2.2 Ion Transport at the Nanoscale: Defect
Engineering and Interface Effects

Nanostructuring introduces defects (vacancies,
grain boundaries) and interfaces that can either enhance
or impede ion transport, depending on their controlled
engineering. Recent cryo-electron microscopy studies
show that oxygen vacancies in TiO, nanowires create
percolation pathways for Li* diffusion, increasing ionic
conductivity by two orders of magnitude (107> S/cm vs.
1077 S/em in pristine TiO,) (Zhong et al., 2024). In solid-
state electrolytes, nanoscale grain boundaries in LLZO
(Li;La3Zr,04,) can be tuned to act as fast-ion
conduction channels rather than barriers, achieving 12
mS/cm at room temperature when doped with AIP*.
However, uncontrolled defects can be detrimental—
interfacial lattice mismatch between LiMn,O,
nanoparticles and carbon coatings generates strain fields
that trap Li*, reducing capacity by 20% after 100 cycles
(Lester et al., 2023). Advanced techniques like atomic
layer deposition (ALD) enable sub-nanometer control
over interfacial layers, with Al,O3 coatings reducing
interfacial resistance in sulfide solid electrolytes from
1000 Q-cm? to 50 Q-cm? (Drazdys et al., 2020).
2.3  Thermodynamic  Stability vs. Kinetic
Enhancement in Nanostructured Materials

The high surface energy of nanomaterials often
destabilizes thermodynamically preferred phases but can
kinetically stabilize metastable phases with superior

battery properties. For example, spinel-phase LiMn,Oy,
typically unstable above 100°C, persists up to 300°C
when synthesized as 20 nm particles due to surface
energy dominance (Warburton et al., 2016). Conversely,
the thermodynamic driving force for nanoparticle
agglomeration remains a challenge Coz0,4 nanoparticles
below 10 nm sinter into larger clusters after 50 cycles,
increasing charge-transfer resistance by 5x (Mashan et
al., 2025). Computational studies reveal that nanoscale
LiFePO, adopts a non-equilibrium solid-solution phase
during (de)lithiation, bypassing the sluggish two-phase
separation observed in bulk samples, which explains its
high-rate capability (Mauger et al., 2025).

2.4 The Role of Surface Energy and Nanoscale
Strain in Electrochemical Reactions

Surface energy governs the stability of
nanomaterial-electrolyte interfaces, while lattice strain
modulates reaction kinetics. Operando TEM studies
show that 5 nm Fe,O3z nanoparticles exhibit 8%
compressive strain during lithiation, which delays
fracture by redistributing stress homogeneously (Zhao et
al., 2025). In layered oxides like NMCS811, nanoscale
strain gradients (measured by Bragg coherent diffraction
imaging) accelerate Li* diffusion by 70% compared to
unstrained particles (Estandarte et al., 2020). However,
excessive surface energy in sub-3 nm Ni-rich cathodes
promotes parasitic reactions with electrolytes, increasing
impedance by 300% after 200 cycles (Sun et al., 2023).
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Table 2: Quantum Confinement Effects in Common Battery Materials

Material | Size (nm) Bandgap Change (eV) | Li* Diffusivity (cm?s) | Capacity Retention (%, 100 cycles)
Si 3 1.1 - 1.8 5.2x107'° 1.3x107° 95
MoS, 1L (monolayer) | 1.8 — 2.4 2.1x1071° 4,7x1071° 88
LiCoO, |5 27—32 1.8x107123.9x1072 82

3. Nanomaterials for High-Performance Lithium-Ion

Batteries

3.1 Nanostructured Anodes: Silicon, Graphene, and

Beyond Silicon Nanowires and Porous Architectures

for Volume Expansion Mitigation

Silicon anodes suffer from severe pulverization
due to ~300% volumetric expansion during lithiation.

Recent breakthroughs in nano-structuring have enabled

strain-tolerant architectures:

o Vapor-liquid-solid (VLS)-grown Si nanowires (50-
100 nm diameter) exhibit anisotropic expansion,
maintaining 92% capacity retention after 500 cycles
(Coulombic efficiency >99.5%) by accommodating
strain along the axial direction (Zhao et al., 2025). In
situ XRD reveals these nanowires develop a
beneficial <110> texture that resists fracture.

o Double-walled porous Si nanotubes (outer wall:
conductive carbon; inner wall: active Si)
demonstrate near-zero net expansion. The 20 nm
pores act as lithium reservoirs, while the carbon
sheath maintains electrical connectivity (Zhang et
al., 2023). This design achieves 2,500 mAh/g at 2C

2D Materials (MXenes, Phosphorene) for Capacitive-

Dominant Storage

o MXene heterostructures (e.g., TizC,T,/graphene)
enable ultrafast charging (<5 minutes) through dual

mechanisms:
o Interlayer Li* intercalation (diffusion-
controlled)

o Surface redox reactions (capacitive) The
balance is tunable via interlayer spacing (d-
spacing = 1.2—1.8 nm), as described by the
capacitive contribution equation:

1(V)=k1v+k2v1/2i(V)y=k1v+k2v1/2
where k1k1 (capacitive) dominates at >1.5 nm spacing
(Zhang et al., 2023).

3.2 Nanocathodes: Layered Oxides, Sulfides, and
Polyanionic Frameworks Surface-Coated
Nanoparticles for Enhanced Stability
Atomic layer deposition (ALD) of nanoscale coatings
(<5 nm) addresses cathode degradation:

rates.
Coating Material | Function Performance Gain
Al,O3 HF scavenger 90% reduction in Mn dissolution
LiTaO3 Li* conductor 2x higher rate capability at 10C
LizPO, Oxygen release suppressor | Stable at 4.8 V vs. Li/Li*

Cation-Disordered Rocksalt Cathodes

Local structural fluctuations in nanoscale-
disordered  Li;.,Mng.4Tip.4O, create percolation
networks for Li* transport. Pair distribution function
(PDF) analysis shows <l nm Ti-rich domains act as
"islands" that stabilize the structure (Jeon et al., 2016).

4. Nanomaterials Enabling Solid-State Batteries
4.1 Solid Electrolytes: From Bulk to Nanoconfined
Phases

Solid electrolytes are pivotal in advancing
solid-state batteries (SSBs) due to their potential to
enhance safety and energy density compared to liquid
electrolytes. Nanostructuring solid electrolytes, such as
Li7La3Zr2012 (LLZO), sulfides, and halides, has
emerged as a transformative approach to reduce ionic
tortuosity and enhance conductivity. Nanostructured
LLZO, Sulfides, and Halides for Low-Tortuosity Ion
Paths. By reducing particle sizes to the nanoscale, LLZO
garnets exhibit improved ionic conductivity due to
shorter diffusion pathways and increased surface area.
For instance, nanostructured LLZO with particle sizes
below 100 nm achieves ionic conductivities up to 1.2 x

107 S cm™ at room temperature, surpassing bulk LLZO
by an order of magnitude (Yang et al., 2015). Sulfide
electrolytes, such as Lil0GeP2S12, benefit from
nanoscale confinement, which minimizes grain
boundary resistance and enhances Li* diffusion through
amorphous-crystalline interfaces (Kato et al, 2020).
Halide electrolytes, like Li3YCl6, show promise in
nanoscale forms due to their high ionic conductivity (up
to 1.7 x 107 S cm™) and stability against lithium metal
(Gao et al, 2022). Grain Boundary Engineering in
Ceramic Electrolytes. Grain boundaries in ceramic
electrolytes often impede ion transport due to high
resistance. Nanoscale grain boundary engineering, such
as doping LLZO with AI** or Ga**, reduces interfacial
energy barriers, enhancing conductivity by up to 30%
through stabilized cubic phases (Zhu et al, 2022). A
novel insight involves the use of spark plasma sintering
to create dense, nanograined LLZO structures,
minimizing porosity and achieving near-theoretical
density (95%) for optimal ion transport (Zhao et al.,
2025).
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Fig 1: Solid Electrolytes from Bulk to Nanoconfined Phases

4.2 Interface Engineering: Mitigating Li Dendrite
Growth with Nanoscale Coatings

Interfacial  stability between the solid
electrolyte and lithium metal anode is critical to prevent
dendrite formation, which can cause short circuits and
capacity fade in SSBs. Artificial SEI Layers via Atomic
Layer Deposition (ALD): Atomic layer deposition
enables the precise deposition of nanoscale artificial
solid electrolyte interphase (SEI) layers, such as AI203
or LiF, to suppress dendrite growth. For example, a 5 nm
Al203 coating on LLZO reduces the interfacial
resistance by 50% and increases the critical current
density for dendrite formation from 0.5 to 2.0 mA cm™
(Ali et al, 2025). This is attributed to the uniform
coating’s ability to homogenize Li* flux and mitigate
localized stress. Self-Healing Nanocomposites for
Dynamic  Interface  Stabilization: Self-healing
nanocomposites, such as polyethylene oxide (PEO)
blended with Li-conductive nanoparticles (e.g.,
Li7P3S11), dynamically repair microcracks at the
interface during cycling. These composites achieve a
dendrite-free cycling stability of over 1000 cycles at 1
mA cm™ (Wang ef al., 2021). A novel concept involves

designing a gradient nanocomposite SEI, where the
nanoparticle concentration decreases from the electrolyte
to the anode, optimizing both ionic conductivity and
mechanical robustness. This can be represented by a
gradient function for nanoparticle volume fraction.

4.3. 3D Nanostructured Electrode-Electrolyte
Architectures for Reduced Impedance
The integration of 3D nanostructured

architectures in SSBs significantly reduces electrode-
electrolyte interfacial impedance, enhancing charge
transfer and cycling performance. 3D Nanostructured
Designs: 3D architectures, such as nanoporous LLZO
scaffolds infiltrated with lithium metal, increase the
contact area between the electrode and electrolyte,
reducing impedance by up to 70% compared to planar
interfaces (Zhang et al., 2024). These structures leverage
high surface-to-volume ratios to facilitate ion transport.
For instance, a 3D LLZO framework with 50 nm pores
achieves an areal capacity of S mAh cm™at 0.5 mA cm™
(Kravchyk et al, 2022). Hybrid Nanocomposite
Electrodes: Incorporating nanomaterials, such as carbon
nanotubes (CNTs) or graphene, into 3D electrodes
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enhances electronic conductivity while maintaining ionic
pathways. A CNT-LLZO composite electrode exhibits
an electronic conductivity of 10 S cm™, threefold higher
than pure LLZO (Gao et al., 2022). A novel insight
involves a proposed 3D hierarchical architecture
combining nanoporous LLZO with a conductive
graphene scaffold, modeled as a parallel resistor-
capacitor circuit to minimize impedance.

5. Advanced Characterization and Computational
Insights
5.1 In Situ and Operando Techniques for Probing
Nanoscale Battery Phenomena

In situ and operando characterization
techniques have transformed the study of nanoscale
phenomena in solid-state batteries, providing real-time
insights into dynamic electrochemical processes.
Transmission electron microscopy (TEM) offers
exceptional spatial resolution to visualize lithium-ion
transport and phase transformations at the atomic level.

For example, operando TEM studies reveal the formation
of lithium dendrites at electrolyte-electrode interfaces,
giving critical insights into failure mechanisms under
practical cycling conditions (Yousaf et al., 2021). X-ray
absorption spectroscopy (XAS) complements TEM by
examining electronic and structural changes in electrode
materials during charge-discharge cycles. Recent XAS
studies on sulfide-based electrolytes show how local
coordination environments change, affecting ionic
conductivity and stability (Shinoda ef al., 2025). Neutron
scattering further improves understanding by probing
light elements like lithium, which are hard to detect with
X-ray methods. Operando neutron scattering has
uncovered lithium diffusion pathways in garnet-type
electrolytes, showing how nanoscale defects influence
ionic transport (Zhao et al., 2025). Collectively, these
techniques enable a thorough understanding of nanoscale
dynamics, guiding the development of durable battery
materials with better performance and longer life.
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Fig 2: In Situ and Operando Techniques for Probing Nanoscale Battery Phenomena

5.2 Multiscale Modeling: From DFT to Machine
Learning-Aided Material Discovery

Multiscale computational approaches have
transformed the discovery and optimization of
nanomaterials for solid-state batteries by bridging
atomic-level insights with macroscopic performance
predictions. Density functional theory (DFT) enables
precise modeling of interface stability and degradation
mechanisms, critical for designing durable battery
components. For example, DFT simulations of lithium
metal-electrolyte interfaces reveal how nanoscale
coatings suppress dendrite growth by stabilizing lithium
deposition, guiding the development of protective
interphases (Pant et al., 2024). Machine learning (ML)
accelerates material discovery by predicting novel
nanomaterials with desired properties, such as high ionic
conductivity and electrochemical stability. Recent ML
models trained on extensive material databases have
identified promising sulfide electrolytes  with

conductivities exceeding 1072 S cm™, significantly
reducing experimental trial-and-error (Manna et al.,
2025). High-throughput screening, powered by ML and
DFT, enables rapid evaluation of thousands of material
compositions, identifying candidates like halide-based
electrolytes with superior stability against lithium metal
anodes (Huang et al, 2024). These computational
strategies synergistically inform experimental efforts,
accelerating the development of next-generation battery
materials with enhanced performance.

6. Challenges and Future Perspectives
6.1 Scalability vs. Performance: The
Nanomanufacturing Dilemma

The exceptional performance of nanomaterials
in solid-state batteries, such as enhanced ionic
conductivity and interfacial stability, is often achieved at
the nanoscale through precise synthesis techniques like
atomic layer deposition or template-assisted methods.
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However, scaling these processes to industrial levels
poses significant challenges without compromising
material properties. Advanced nanomanufacturing
techniques, such as roll-to-roll processing of
nanostructured electrolytes, struggle to maintain
uniformity and defect-free structures across large areas,
leading to reduced electrochemical performance
compared to lab-scale prototypes (Daniel et al., 2021).
The high cost and energy intensity of methods like spark
plasma sintering further limit their commercial viability,
necessitating innovative approaches like solution-based
nanomaterial synthesis to balance cost and performance
(Shah et al.,, 2024). Addressing this dilemma requires
developing scalable fabrication techniques that preserve
nanoscale features, such as self-assembly methods,
which could enable cost-effective production of high-
performance battery components for widespread
adoption.

6.2 Long-Term Stability and Degradation
Mechanisms in Nanostructured Systems
Nanostructured  materials in  solid-state
batteries, while offering superior ionic and electronic
transport, face significant challenges related to long-term
stability due to degradation at nanoscale interfaces.
Repeated charge-discharge cycles induce mechanical
stress and chemical reactions at electrode-electrolyte
interfaces, leading to crack formation and phase
decomposition in materials like LLZO and sulfide
electrolytes (Budiman et al, 2022). For instance,
nanoscale sulfide electrolytes are prone to oxidation at
high voltages, reducing their electrochemical window
and causing capacity fade over time (Li et al., 2019).
Addressing these issues requires advanced protective
strategies, such as conformal coatings or hybrid
nanocomposites, to mitigate interfacial degradation
while maintaining high conductivity. Future research
should focus on understanding degradation pathways
through operando characterization and developing robust
nanomaterials that withstand prolonged cycling,
ensuring the durability of next-generation batteries.

6.3 Beyond Lithium: Nanomaterials for Sodium,
Potassium, and Multivalent Batteries

The increasing demand for sustainable and cost-
effective energy storage has driven exploration into
sodium, potassium, and multivalent (e.g., magnesium,
calcium) batteries, where nanomaterials play a critical
role in overcoming limitations like low ionic
conductivity and sluggish kinetics. Sodium-ion batteries
benefit from nanostructured cathodes, such as NaFePO4
nanoparticles, which enhance charge transfer and
achieve capacities comparable to lithium-ion systems
(Fang et al., 2025). Potassium-ion batteries leverage
nanomaterials like carbon-coated KTiOPO4, which
improve cycling stability by accommodating large ionic
radii (Masese et al, 2024). Multivalent batteries,
particularly =~ magnesium-based  systems, utilize
nanostructured electrolytes like Mg(BH4)2 to enable
reversible ion insertion, addressing challenges of low

mobility (Reddygunta et al., 2022). These advancements
highlight the potential of nanomaterials to enable
alternative battery chemistries, offering sustainable
solutions for large-scale energy storage.

CONCLUSION

The path forward for nanomaterial-enhanced
solid-state batteries hinges on leveraging recent
breakthroughs while addressing critical challenges
through interdisciplinary collaboration and strategic
policy frameworks. Innovations in nanostructured
electrolytes, interfacial coatings, and 3D architectures
have significantly enhanced energy density, safety, and
charging speeds, yet scalability and long-term stability
remain key bottlenecks due to costly nanomanufacturing
and material degradation. By integrating materials
science, advanced characterization, and computational
modeling, such as machine learning-driven material
discovery, researchers can develop robust, sustainable
battery systems using ecarth-abundant materials like
sodium or potassium. Coordinated efforts between
industry and policymakers are essential to standardize
production, implement recycling frameworks, and
incentivize innovation, ensuring these advanced batteries
power electric vehicles and renewable energy grids,
driving a sustainable energy future.
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