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Abstract

This paper presents a comprehensive overview of solid-state batteries (SSBs) as a transformative technology
in energy storage. By replacing the conventional liquid electrolytes in lithium-ion batteries (LIBs) with solid-
state electrolytes (SSEs), SSBs aim to address critical challenges in energy density, safety, and cycle life. The
study delves into the core materials used in SSB construction—specifically sulfide-, oxide-, and polymer-based
electrolytes—examining their chemical and structural properties, electrochemical performance, and
compatibility with lithium metal anodes. The paper further explores practical applications of SSBs, focusing
on electric vehicles (EVs) and portable electronic devices, where demand for safer, longer-lasting, and higher-
capacity batteries is growing rapidly. A comparative analysis with conventional LIBs underscores both the
advantages of SSBs (such as enhanced thermal stability and energy density) and the current limitations (such
as interfacial resistance and manufacturing challenges). The discussion concludes by outlining future
directions for research and development necessary for commercial scalability and widespread adoption of
SSBs.
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1. Introduction

Solid-state batteries (SSBs) are an emerging energy
storage technology that replaces the liquid or gel
electrolytes found in traditional lithium-ion batteries
(LIBs) with solid-state electrolytes (SSEs). This
innovation aims to address key limitations of LIBs,
including safety concerns, limited energy density,
and degradation over time. The core advantage of
SSBs lies in their use of solid electrolytes, which can
be sulfide-, oxide-, or polymer-based materials.
These materials offer enhanced thermal stability and
enable the use of lithium metal anodes, potentially
leading to higher energy densities and improved
safety profiles. However, challenges such as
interfacial resistance between the electrolyte and
electrodes, as well as manufacturing complexities,
currently hinder widespread commercialization.
SSBs hold significant promise for applications in
electric vehicles (EVs) and portable electronic
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devices, where the demand for safer, longer-lasting,
and higher-capacity batteries is rapidly increasing.
Ongoing research focuses on improving material
compatibility, reducing production costs, and scaling
up manufacturing processes to make SSBs a viable
alternative to conventional LIBs. All-Solid-State
Batteries (ASSBs) represent a groundbreaking
advancement in energy storage technology, with the
potential to transform how energy is stored and
utilized across various sectors. Unlike conventional
lithium-ion batteries (LIBs) that rely on liquid
electrolytes to transport lithium ions between the
anode and cathode, ASSBs employ solid-state
electrolytes. This substitution offers several key
advantages over traditional liquid-based systems
[1,2]. As illustrated in Figure 1, traditional lithium-
ion batteries use a liquid electrolyte in combination
with a porous separator to facilitate ion transport
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while preventing direct electrical contact between
electrodes. In contrast, solid-state batteries eliminate
the need for a separate membrane. Instead, the solid
electrolyte itself acts as both the ion-conducting
medium and the physical separator between the
electrodes. ASSBs are known for their superior
energy density, enhanced safety, extended lifespan,
and environmental benefits compared to their liquid-
based counterparts. Furthermore, under optimized
conditions, they can offer faster charging capabilities.
Due to these advantages, solid-state battery
technology is being increasingly explored for a
variety of applications, including portable consumer
electronics, grid storage, and electric vehicles (EVs),
as depicted in Figure 2 [3,4].
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2. Literature Survey
Solid electrolytes play a pivotal role in the
performance and feasibility of All-Solid-State
Batteries (ASSBs). Unlike conventional liquid
electrolytes, solid-state electrolytes (SSEs) offer
improved thermal and electrochemical stability,
enhanced safety, and compatibility with lithium
metal anodes. Research into solid electrolyte
materials has led to the classification of SSEs into
three major categories: sulfide-based, oxide-based,
and polymer-based electrolytes. Each class has
distinct structural, chemical, and performance
characteristics, which have been extensively studied
in recent literature.

2.1.Sulfide-Based Electrolytes
Sulfide-based electrolytes, such as LiioGeP2Si2
(LGPS) and LisPsSi;, have gained significant
attention due to their high lithium-ion conductivity
(up to 1072 S/cm) comparable to liquid electrolytes
[1]. These materials are soft and can be cold-pressed
to form good interfaces with electrodes. However,
they are highly sensitive to moisture and may release
toxic hydrogen sulfide gas upon exposure to air,
posing handling and stability challenges [2]. Kato et
al. (2016) developed LiioGeP2Si2, achieving ionic
conductivities of 1.2 x 10 S/cm, with promising
results for interface engineering with lithium metal
[3].

2.2. Oxide-Based Electrolytes
Oxide-based electrolytes, such as LisLasZr2012
(LLZO) and Li1.3A10.3Ti1.7(PO4)3 (LATP), offer
excellent chemical stability and are resistant to
moisture, making them easier to handle [4]. Their
rigid ceramic structure, however, results in high grain
boundary resistance and poor interfacial contact with
electrodes. Various doping strategies and sintering
techniques are being explored to reduce interfacial
impedance and enhance ionic conductivity. Murugan
et al. (2007) demonstrated the stability of cubic-phase
LLZO, a promising candidate for high-performance
SSBs due to its conductivity (~102 S/cm) and
chemical compatibility with lithium metal [5].

2.3. Polymer-Based Electrolytes
Polymer electrolytes, such as polyethylene oxide
(PEO)-based systems, provide mechanical flexibility
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and ease of processing [6]. While they offer better
electrode compatibility, especially in flexible
devices, their ionic conductivity at room temperature
(~10¢ to 10 S/cm) is relatively low. Recent
developments involve incorporating ceramic fillers
or developing block copolymers to enhance
conductivity and thermal stability. Armand et al.
(2011) emphasized the potential of hybrid polymer-
ceramic composites, which blend flexibility with
improved ionic transport pathways [7].

2.4.Emerging Hybrid and

Electrolytes

Recent studies focus on hybrid systems that combine
the advantages of different electrolyte types. For
example, sulfide-oxide and polymer-ceramic
composites have been developed to improve
mechanical integrity, ion transport, and interfacial
compatibility. These materials aim to overcome the
limitations of single-phase electrolytes and support
the development of scalable ASSBs. Zhang et al.
(2019) reviewed composite electrolytes
incorporating garnet particles into PEO matrices to
enhance mechanical strength and conductivity [8].
3. Methodology

3.1.Sulfide-Based SSE with Lithium Metal

Anode

The fabrication process of all-solid-state batteries
(ASSBs) using sulfide-based solid-state electrolytes
(SSEs) with lithium metal anodes begins with the
synthesis of high-conductivity sulfide electrolytes
such as LisPSsClI or LiioGeP2Si2. These materials are
typically prepared through mechanical milling of
precursor powders (e.g., LizS, P.Ss, and metal
sulfides) followed by heat treatment under an inert
atmosphere to achieve a crystalline phase. The
resulting powder is then pressed into dense pellets
using uniaxial pressure to serve as the electrolyte
layer. To assemble the cell, a thin lithium metal foil
is placed on one side of the pellet to act as the anode,
while a composite cathode—consisting of a mixture
of an active material (like LiCo0O2), sulfide
electrolyte, and conductive carbon—is applied on the
opposite side. All handling and assembly steps are
carried out in an argon-filled glove box to prevent
degradation of moisture-sensitive sulfide materials.

Composite
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Figure 3

3.2.0xide-Based SSE with Lithium Metal
Anode
The development of all-solid-state batteries using
oxide-based solid-state electrolytes (SSEs), such as
LisLasZr2012 (LLZO), with lithium metal anodes
involves the synthesis of the SSE through solid-state
reactions using precursors like Li-2COs, La.Os, and
Zr0., followed by high-temperature sintering
(typically 1000-1200 °C) to achieve a dense, phase-
pure structure. The resulting ceramic electrolyte
pellet is polished to ensure smooth surfaces and is
used as the central layer of the battery. A thin layer of
lithium metal is pressed onto one side of the LLZO
pellet to form the anode, while a composite
cathode—typically comprising an active material
(e.g., LiCo0:), conductive additives, and a small
amount of solid electrolyte—is applied on the
opposite side. Because oxide electrolytes are
chemically stable and less sensitive to air or moisture,
handling is more convenient, although high
interfacial resistance remains a challenge. To
mitigate this, interface modification techniques such
as surface coatings (e.g., LiNbOs or Al.Os) and
applying external pressure are employed to enhance
contact and reduce impedance. The full cell is
assembled and tested under controlled conditions
using electrochemical techniques like impedance
spectroscopy and galvanostatic cycling to assess
conductivity, interfacial behavior, and cycling
stability.
3.3.LIB with
Comparison
Lithium-ion  batteries (LIBs) utilizing liquid
electrolytes typically employ lithium salts such as
LiPFs dissolved in organic carbonate solvents like
ethylene carbonate (EC) and dimethyl carbonate
(DMC). These electrolytes facilitate efficient
lithium-ion transport between the anode and cathode
during charge and discharge cycles. However,

Liquid Electrolyte for
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challenges such as thermal instability, flammability,
and the formation of dendrites—particularly when
using lithium metal anodes—can compromise battery
safety and longevity. To address these issues,
research has explored alternatives like ionic liquid-
based electrolytes, which offer non-flammability,
wider electrochemical stability windows, and
enhanced thermal stability. While ionic liquids can
improve safety and performance, they often exhibit
higher viscosity and lower ionic conductivity at room
temperature compared to conventional liquid
electrolytes. Therefore, ongoing studies aim to
optimize electrolyte formulations to balance
conductivity, stability, and safety for advanced LIB
applications. Figure 4 shows Lithium-ION Battery
Pack

e\

Figure 4 Lithium-1ON Battery Pack
4. Battery Degradation

Before solid-state batteries (SSBs) can be widely
adopted in real-world applications, they must
overcome several degradation mechanisms that
compromise their performance and longevity. A
major issue is lithium dendrite formation on the
lithium anode during cycling, which can penetrate the
solid electrolyte, leading to internal short circuits and
capacity loss. Additionally, side reactions may
degrade the solid electrolyte, forming an unstable
solid electrolyte interphase (SEI) that blocks lithium-
ion flow and reduces efficiency. Interface instability
between electrode materials and the electrolyte
further hampers ion transport and charge transfer,
affecting overall cycling performance. Oxygen
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vacancies within the electrolyte can also arise,
diminishing its ionic conductivity and structural
stability. Moreover, repetitive lithium-ion insertion
and extraction cause volume fluctuations in electrode
materials, leading to mechanical stress, cracking, and
loss of integrity. Grain boundary movement within
solid-state materials contributes to mechanical
degradation and reduced electrical conductivity. To
address these challenges, researchers are exploring
advanced materials with high stability, improved
interface engineering, and innovative electrode
designs. By understanding and mitigating these
degradation mechanisms, SSBs can offer safer, more
reliable, and longer-lasting energy storage solutions
for a wide range of applications. Figure 5 illustrates
key degradation modes.

Figure 5 Degradation Mechanisms

4.1.Lithium Dendrite Growth (LDG)
Dendrite formation is a primary degradation cause in
solid-state batteries (SSBs), triggered by repeated
charging cycles. These finger-like projections can
penetrate the solid electrolyte, causing short circuits.
Dendrite growth varies by SSB composition and is
influenced by electrolyte microstructure and density
(minimal above 93%). Advanced techniques like
STEM, EELS, Raman, XPS, Operando XRD, AIMD,
phase field, and pseudo-2D models help analyze and
predict dendrite behavior and growth kinetics.

4.2.0xygen Vacancy Formation (OVF)
Oxygen vacancies in solid electrolytes arise from
lattice defects, disrupting ion arrangement and
affecting lithium-ion transport in SSBs. While
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oxygen ion migration aids ionic conductivity, these
vacancies reduce conductivity, raise internal
resistance, and can trigger unwanted reactions,
degrading electrode materials.

4.3.Grain Boundary Migration (GBM)
In SSBs, grain boundary migration due to cycling or
heat can degrade microstructure, causing cracks,
internal stress, and reduced conductivity. This
disrupts lithium-ion pathways, increasing resistance
and lowering efficiency. Controlling grain size and
boundary characteristics helps enhance
microstructural stability and minimize mechanical
degradation, improving overall battery performance.

4.4.Electrolyte Decomposition (ED)
In SSBs, electrolyte degradation during operation
forms a solid-electrolyte interphase (SEI) layer due to
side reactions with electrode materials. Though
protective, the SEI impedes lithium-ion flow,
increasing resistance and reducing efficiency. Factors
like high voltage, temperature, and material
composition influence SEI formation, which can be
minimized through optimized interface design.

4.5.Metal Anode Plating (MAP)
In solid-state batteries, uneven lithium plating on the
metal anode can cause dendritic deposits, particle
pulverization, and mechanical stress, leading to
reduced capacity and cycle life. To prevent this,
electrolyte additives, controlled charging currents,
optimized voltage profiles, and proper temperature
regulation are employed to ensure uniform metal ion
deposition.

4.6. Thermal Instability (TS)
In SSBs, uneven lithium metal plating on the anode
can cause dendrite formation, mechanical stress, and
reduced battery capacity. This leads to electrode
deformation and poor cycle stability. To mitigate this,
electrolyte additives, optimized charging profiles,
and controlled operating temperatures are employed
to promote uniform metal ion deposition.

4.7.Moisture and Air Exposure (MAE)
Exposure to moisture and air can trigger chemical
reactions at the electrode-electrolyte interface,
degrading the solid electrolyte, reducing ionic
conductivity, and increasing resistance. This may
lead to dendrite formation, phase changes, or thermal
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runaway. Effective sealing and moisture-resistant
electrolyte materials are essential to enhance the
stability of solid-state batteries.

5. Battery Charging

The advancement of solid-state batteries (SSBs)
marks a paradigm shift in energy storage technology,
offering the potential to significantly improve battery
charging speed, safety, and performance. Unlike
conventional lithium-ion batteries that use liquid
electrolytes, SSBs employ solid electrolytes, which
provide higher ionic conductivity and improved
thermal stability. This allows for faster ion transport
between electrodes, resulting in shorter charging
times. As a result, electric vehicles (EVs) can
recharge quickly, and electronic devices can
experience less downtime. Additionally, solid
electrolytes generate less heat during charging,
improving thermal management, enhancing battery
lifespan, and ensuring safer high-speed charging.
One of the key advantages of SSBs is their enhanced
safety. Without flammable liquid electrolytes, the
risks of thermal runaway, fire, or explosion during
rapid charging cycles are significantly reduced. This
makes SSBs ideal for integration into high-power
charging infrastructures and fast-charging EV
applications. Moreover, their higher energy density
supports extended device operation and longer EV
driving ranges without compromising charging
speed. However, fast charging in SSBs is not without
challenges. Critical issues include low critical current
density (CCD), high interfacial resistance, and solid
electrolyte (SSE) decomposition under high
overpotentials. Structural strain and uneven lithium-
ion diffusion due to polarization also hinder
performance. The conductivity along grain
boundaries contributes to CCD limitations, affecting
fast-charging capabilities. For instance, a prototype
pouch cell by Solid Power Inc. achieved only 0.2C
cycling at 29 °C, with 2C charging possible every
fifth cycle—insufficient for high-demand EV
applications. To address these issues, researchers are
developing advanced materials, including sulfide-
based electrolytes and optimized electrode pairings,
to enhance ion transport and structural integrity. Fig.
5.1 outlines the current limitations in SSB fast
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charging, while Figure 6 presents associated
challenges and opportunities. Continued research is
essential to overcome these barriers and create
efficient, cost-effective fast-charging SSB solutions.

Charging [ ]
Voltage Impedance Rise
Threshold
Charging Temperature
Efficiency Limitation on SSB Rise
Charging Technology
Charging Time State of Charge
Current (C) Rate

{ j Aging Effect
Figure 6 Limitations on SSB charging strategy

Conclusion

The global push for sustainable energy has led to a
significant shift toward advanced energy storage
technologies, with solid-state batteries (SSBs)
emerging as a key contender. Unlike conventional
batteries, SSBs utilize solid electrolytes, offering
enhanced energy density, specific energy, and
improved safety. These advantages have captured
global interest, especially in the automotive and
energy sectors, positioning SSBs as promising
solutions for a sustainable future. However, several
challenges remain, including limited cycle life and
low power density. A major concern is the
degradation of lithium-based cathodes due to dendrite
formation and microstructural changes. Addressing
these issues requires a deeper understanding of
electrode-electrolyte interactions and cathode
microstructure optimization. Material selection plays
a vital role in SSB performance. Various anode,
cathode, and electrolyte materials are being explored
and classified based on their applications.
Additionally, electrochemical modelling is essential
to understand the complex behaviour of SSBs. Key
aspects such as battery degradation mechanisms and
fast-charging strategies are also being investigated.
Despite their potential, commercialization of SSBs
faces hurdles, particularly interface stability and slow
Kinetics. Therefore, advancing solid-state battery
research from lab to market requires focused efforts
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and collaboration. Continued innovation and active
research are critical to overcoming current limitations
and realizing the full potential of SSBs.
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