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ABSTRACT 

Solid-state batteries (SSBs) have emerged as a pivotal innovation in energy storage, poised to overcome the 

limitations of conventional lithium-ion batteries (LIBs) and accelerate the adoption of electric vehicles (EVs). By 

replacing flammable liquid electrolytes with solid alternatives, SSBs offer transformative improvements in safety, 

energy density, and cycle life, addressing critical barriers to EV scalability. Recent advancements in solid 

electrolyte materials—including oxide ceramics, sulfide glasses, and polymer composites (e.g., PEO-LiTFSI with 

nanofillers)—have achieved ionic conductivities rivalling liquid electrolytes (>10⁻³ S/cm), while enabling the 

integration of high-capacity lithium-metal anodes (3860 mAh/g) and high-voltage cathodes (e.g., NMC811). 

Breakthroughs in interfacial engineering, such as artificial solid-electrolyte interphases (SEI) and 3D electrode 

architectures, have mitigated dendrite growth and interfacial resistance, enhancing cycle stability (>80% capacity 

retention after 800 cycles). However, challenges persist in scalability, cost-effective manufacturing, and long- 

term durability under high current densities (>5 mA/cm²). Industry leaders like Toyota, Quantum Scape, and 

CATL are advancing prototypes with energy densities exceeding 500 Wh/kg and targeting commercialization by 

2027–2030, supported by hybrid solid-liquid designs and roll-to-roll manufacturing techniques. Parallel 

advancements in computational tools, including AI-driven material discovery, are accelerating the optimization 

of electrolyte compositions and interfacial coatings. Policy initiatives, such as the U.S. Department of Energy’s 

$200M investment in SSB research and global partnerships, are fostering innovation, while sustainability efforts 

focus on recyclability and reducing reliance on critical materials (e.g., cobalt, germanium). This review 

synthesizes interdisciplinary progress in SSB technology, highlighting the synergy between materials science, 

engineering, and industry collaboration needed to achieve mass production. By addressing technical bottlenecks 

and aligning with decarbonization goals, SSBs are positioned to redefine EV performance, enabling safer, longer- 

range vehicles and a sustainable energy future. 

Keywords: Solid-state batteries, Electric vehicles, Energy density, Interfacial engineering, Sustainable energy 

storage. 

1. Introduction 

The global transportation sector stands at a pivotal juncture, driven by the urgent need to decarbonize 

and mitigate climate change [1]. Electric vehicles (EVs), heralded as a cornerstone of sustainable 

mobility, have seen exponential growth, with global sales surpassing 10 million units in 2022 and 

projected to account for over 60% of new car sales by 2040. This evolution relies on the development 

of energy storage devices capable of providing better performance, safety, and affordability than present 

LIBs [2]. While LIBs dominated the EV industry for decades, their inherent disadvantages—flammable 
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liquid electrolytes, moderate energy densities (~250–300 Wh/kg), and degradation mechanisms— 

present daunting challenges to mass EV adoption. SSBs substitute liquid electrolytes with solid ones, 

have come as a revolutionary answer, which is set to change the face of energy storage for EVs [3]. 

SSBs' history lies in four decades of material science development. The idea of solid electrolytes was 

born in the 19th century, but it wasn't until the 2010s that advances in ionic conductivity and interface 

stability revitalized interest in SSBs [4]. Initial oxide-based electrolytes, for example, lithium 

phosphorus oxynitride (LiPON), were promising in thin-film applications but had limited ionic 

conductivity (<10⁻⁶ S/cm). The breakthrough from sulfide-based electrolytes, for example, Li₁₀GeP₂S₁₂ 

(LGPS), brought conductivity (>10⁻² S/cm) equivalent to liquid electrolytes [5]. Concurrent 

advancements in polymer electrolytes, including polyethylene oxide (PEO) composites, brought with 

their flexibility and processability with compromises in conductivity at room temperature. These 

advances in material science, paired with the rebirth of lithium-metal anodes (theoretical capacity: 3860 

mAh/g), have placed SSBs firmly in the spotlight as a capable replacement for LIBs, representing a 

path forward for energy densities greater than 500 Wh/kg—a crucial limit for the use of EVs with ranges 

above 500 miles on a single charge. SSBs' most compelling allure is their fundamental safety benefits 

[6]. By removing the risk of thermal runaway, SSBs address a long-standing issue in LIBs that has 

contributed to high-profile recalls and consumer distrust. Additionally, the mechanical strength of the 

solid electrolyte can inhibit lithium dendrite growth—a process that causes short-circuiting and 

catastrophic failure in lithium-metal batteries [7]. The potential for greater cycle life supplements these 

safety benefits, as solid electrolytes minimize parasitic side reactions on electrode interfaces. For 

automakers, SSBs represent not only a technology breakthrough but also a strategic opportunity to 

achieve stringent safety requirements and customer demand for reliable, long-range EVs [8]. Despite 

these benefits, SSB commercialization is confronted with strong challenges. The solid-solid interface 

between the electrodes and the electrolytes brings about high interfacial resistance, hindering ion 

transport and lowering power density [9]. Dendrite suppression, though theoretically possible, is yet a 

dream at the high current densities (>5 mA/cm²) needed for quick charging [10]. Material compatibility 

then adds a further layer of complexity to the design: sulfide electrolytes are reactive with water, 

requiring costly dry-room manufacturing; and oxide ceramics are brittle and difficult to up-scale. Cost 

is also a major obstacle with existing SSB prototypes being 2–3 times more expensive than for LIBs. 

Overcoming these challenges requires inter-disciplinary innovation across materials science, 

electrochemistry, and manufacturing engineering [11-12]. The last few years have seen outstanding 

advances in the surmounting of these challenges. In interfacial engineering, methods like atomic layer 

deposition (ALD) of Li₃PO₄ films and the synthesis of 3D lithium-metal hosts have decreased interfacial 

resistance dramatically and alleviated dendrite growth [13]. Hybrid electrolyte structures, in which solid 

polymers are combined with ceramic fillers, attain a balance between ionic conductivity and mechanical 

stability [14]. From a manufacturing perspective, companies like Toyota and Quantum Scape are at the 

forefront with roll-to-roll technology and stack configurations to mass-produce SSBs. Volkswagen has 

partnered with Quantum Scape to produce EVs with SSB-powered ranges of 800 km by 2025, and 

Toyota targets commercialization of SSBs in 2027–2028 [15-18]. All this is supported by computation 

advances, with machine learning programs speeding up the discovery of new electrolyte compositions 

and interface-stabilizing additives. Policy and sustainability factors are also key to the adoption of SSBs. 

Governments across the globe are investing in SSB research, as seen with the U.S. Department of 

Energy's $200 million project and the European Battery Alliance's €3 billion pot. At the same time, the 

environmental impacts of SSBs are also being analyzed in terms of their reliance on scarce materials 

like germanium (sulfide electrolytes) and cobalt (high-voltage cathodes). Recycling strategies such as 

hydrometallurgical lithium and transition metal retrieval are being considered to align SSBs with 

circular economy methods. Standardization efforts by entities such as the International Electrotechnical 

Commission (IEC) are underway to develop performance standards and safety specifications and ensure 
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industry-wide coordination [40-50]. This review synthesizes the interdisciplinary advancements 

propelling SSBs toward commercialization, with a focus on their application in EVs. Section 2 delves 

into the historical evolution of SSB technology, contextualizing key milestones from early research to 

modern prototypes. Section 3 provides a comparative analysis of existing schemes. Section 4 discusses 

electrode design, interfacial engineering, and manufacturing challenges. Finally, Section 5 outlines the 

conclusion and future research directions, emphasizing the role of AI, recyclability, and global 

partnerships in achieving mass-market SSB deployment. By bridging the gap between laboratory 

research and industrial application, this review aims to provide a comprehensive roadmap for 

stakeholders navigating the complex landscape of SSB development. As the EV revolution accelerates, 

SSBs stand poised to deliver the step-change in performance and safety needed to realize a sustainable 

transportation future. 

2. Related Work 

SSBs have emerged as a promising alternative to conventional lithium-ion batteries, offering enhanced 

safety, higher energy densities, and longer lifespans. however, their development and bulk production 

are heavily threatened. Janek and Zeier [16] present the chief challenges to SSB development, including 

material constraints, production difficulty, and scalability. They emphasize the necessity of better 

electrolyte materials and interfaces to achieve optimal battery performance and commercial viability. 

On the ecological side, Machín et al. [17] provide a detailed overview of the sustainability facets of 

SSBs, such as recycling methodologies, waste treatment, and environmental consequences of 

production and disposal of batteries. In their work, they emphasize that eco-friendly methodologies 

need to be developed to neutralize the green footprint of emerging batteries. On the technological front, 

Deshmukh et al. [18] discuss recent developments in lithium-sulfur SSBs, their operation principles, 

significant issues like the dissolution of polysulfides, and possible solutions for enhancing their 

efficiency. Çolak and Irmak [19] correlate battery development with the overall electric vehicle (EV) 

sector, discussing the progress, challenges, and future perspective of EV technology, specifically the 

contribution of SSBs toward increasing vehicle range and safety. Analogously, Olabi et al. [20] offer 

their insights into rechargeable battery development, touching upon technological advancements, new 

applications, and the importance of furthering battery chemistry development. Yuan and Yuan [21] take 

a patent-based approach to track the technological advancements in SSBs, identifying emerging trends, 

research hotspots, and potential breakthroughs. Complementing this, Block and Song [22] investigate 

how knowledge exchange in the field of battery technology occurs, using patent analysis to study 

innovation dynamics. The transition from liquid to solid electrolytes is a major focus in SSB research, 

and Horowitz et al. [23] analyse the challenges and opportunities of moving towards all-solid-state 

battery technology for EVs. Li et al. [24] provide an extensive review of the overall progress and key 

challenges in SSB development, discussing factors such as electrode-electrolyte compatibility and 

manufacturing difficulties. Mageto et al. [25] explore practical strategies to improve Li-ion SSBs, 

including material innovations and engineering solutions. Another critical area is the role of gel polymer 

electrolytes in battery performance, which Aruchamy et al. [26] investigate by discussing their potential 

to achieve high ionic conductivity and stability. Xu et al. [27] shift the focus to cathode materials, 

specifically Li-rich oxide cathodes, and their impact on improving energy storage efficiency. Battery 

management systems play a crucial role in EV applications, and Liu et al. [28] provide a broad overview 

of different battery management strategies that enhance the performance, longevity, and safety of EV 

batteries. Block and Song [29] further expand on the role of patents in advancing SSB materials, 

exploring how material-based innovations contribute to battery improvements. Boaretto et al. [30] 

present a detailed discussion on lithium SSB materials, the challenges in their processing, and the 

limitations that need to be overcome for large-scale manufacturing. Wang et al. [31] examine the 

potential of halide-based SSBs, exploring their material properties, advantages, and challenges in 
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practical applications. Wei et al. [32] introduce the concept of customizable SSBs, proposing shape- 

conformal designs that allow for greater flexibility in energy storage solutions. The roadmap for future 

SSB advancements is outlined by Schmaltz et al. [33], who discuss necessary improvements in 

materials, design, and scalability. Gonzalez Puente et al. [34] focus on garnet-type solid electrolytes, 

evaluating their ionic transport properties and applications in all SSBs. Whang and Zeier [35] explore 

the use of transition metal sulfides in SSBs, identifying their potential advantages and challenges. 

Interface stability is a critical issue in SSBs, and Ji et al. [36] provide an in-depth review of the interface 

problems associated with garnet-type all-SSBs. Heubner et al. [37] discuss advancements in anode-free 

SSBs, examining how these batteries can improve energy density and reduce material costs. Similarly, 

Albertus et al. [38] explore pathways to achieving stable Li-metal-based SSBs, highlighting design 

improvements necessary to enhance their performance. Rawat et al. [39] present a review of specialty 

batteries, discussing recent innovations and the future direction of battery technology. Wang et al. [40] 

focus on Li-metal anode design for garnet-based SSBs to solve problems such as dendrite growth and 

interface stability. Tan et al. [41] offer a pragmatic perspective by pointing out scaling-up challenges of 

high-energy-density sulfidic SSBs from the lab to the industrial scale. Houache et al. [42] offer a mini- 

review of battery chemistries for EVs, comparing the technologies and their applicability to future 

mobility needs. Finally, Kalnaus et al. [43] assign utmost significance to the mechanical stability of 

SSBs and recommend that a greater understanding of mechanical stress and structural stability is needed 

for greater longevity and reliability of SSBs. Zhang et al. [50] give a summary of liquid to solid-state 

lithium metal battery transition and also point out the main challenges and novel technological 

breakthroughs. The authors put forward some key issues, including lithium dendrite growth, 

compatibility between the electrode and electrolyte, and contribution of solid electrolytes towards 

battery safety and performance. The authors also name possible solid electrolyte materials such as 

sulfides, oxides, and polymers and report the need for future development to enhance ionic conductivity 

and mechanical integrity. Cao et al. [51] expand on the new developments in high-performance solid- 

state lithium batteries with special emphasis put on interface engineering. The authors also point out 

the need for strong interfaces between electrodes and solid electrolytes to provide minimal resistance 

and long battery life. The study elaborates on various strategies, including artificial interlayer 

application, surface coating, and well-composed electrolyte composition, for enhancing interfacial 

stability and preventing degradation upon prolonged use. Lim et al. [52] elaborate on the critical 

challenges in the interfaces of all SSBs. They discover critical issues such as inefficient solid 

electrolyte-electrode contact, degradative interfacial reactions, and mechanical stress inducing crack or 

delamination. The paper discusses some stabilization strategies, including buffer layer applications, 

high-pressure assembly processes, and new intranasally stable solid electrolytes. Kim et al. [53] is 

focused on optimizing lithium aluminium germanium phosphate solid electrolyte ionic conductivity. 

The authors examine the potential of enhanced lithium-ion transport within the solid matrix by 

microstructure modifications such as grain boundary engineering and dopant incorporation. Results 

indicate that optimization of the microstructure of solid electrolytes is essential to realizing high 

conductivity and stable performance for applications in all-solid-state batteries. Ren et al. [54] discuss 

the challenges and prospects of sulfide-based all-SSBs, one of the most promising candidates for next- 

generation energy storage. The paper raises to the surface the significant challenges of sulfide 

electrolyte moisture sensitivity, interfacial instability, and the need for low-cost fabrication methods. 

The study also offers novel solutions such as encapsulation techniques, hybrid electrolyte architecture, 

and novel fabrication methods to counter these challenges. Song et al. [55] present an active halide 

catholyte that boosts the supplementary capacity of all SSBs. The authors speak about the prospect of 

halide-based electrolytes in promoting better lithium-ion mobility and higher energy density. The 

research explains the electrochemical reactions that enable halide catholytes to perform better with 

stability under diverse operating conditions. Kim et al. [56] discuss the impact of new battery 
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technologies on future EVs. Authors analyze developments in solid-state battery and lithium-ion 

technology in respect of energy density, charging capacity, and better safety. The authors also explain 

how the improved chemistry of batteries, as well as cooling systems, affect the efficiency and the life 

of overall power systems in EVs. Salgado et al. [57] talk about the latest trends in EV battery technology 

and compare different solutions for energy storage, including lithium-ion, solid-state, and other 

solutions like sodium-ion and metal-air batteries. The authors discuss each technology's strengths and 

weaknesses in terms of cost, scalability, and environmental impact, gaining insights into how EV 

battery development will unfold. Salkuti et al. [58] give a glimpse of future energy storage technology 

for EVs and state advancements in battery materials, rapid charging technology, and hybrid energy 

storage technology. The article also states the development of AI-based battery management systems 

to improve the performance and life of EV batteries. Paul et al. [59] address interface stability issues in 

all-solid-state lithium-metal batteries. The authors review the basic causes of interfacial instabilities, 

i.e., lithium filament growth and electrolyte decomposition. Various stabilization strategies, such as 

protective coating, applying a buffer layer, and electrolyte engineering to achieve enhanced long-term 

battery performance are also discussed by them. Cao et al. [60] introduce operando neutron imaging as 

an efficient technique for characterizing all SSBs. The authors demonstrate how neutron imaging 

provides real-time information regarding lithium-ion transport, phase transitions, and degradation 

mechanisms within the battery. Researchers are able to design battery materials and fabricate more 

efficient solid-state battery architectures using this technique. Sarfraz et al. [61] discuss developments 

in solid-state inorganic electrolytes for high-performance lithium-ion batteries. The authors summarize 

recent developments in ceramic, glass, and polymer solid electrolytes and present their ionic 

conductivity, stability, and compatibility with different electrode materials. The paper also suggests the 

potential of hybrid electrolyte systems that may incorporate the benefits of multiple types of 

electrolytes. Li et al. [62] examine key technologies and future prospects for EVs in emerging power 

systems. They discuss five major aspects: advancements in battery technology, integration with 

renewable energy sources, smart charging infrastructure, vehicle-to-grid (V2G) applications, and 

sustainability concerns. The paper provides a holistic view of how next-generation batteries and energy 

management systems will shape the future of electric mobility. 

Together, these studies present a holistic view of the current state of SSB research, covering key 

challenges, technological advancements, material innovations, environmental considerations, and 

future directions. While significant progress has been made in developing high-performance SSBs, 

issues such as material compatibility, interface stability, recyclability, and large-scale manufacturing 

remain critical areas for further research. 

 
 

3. Theory Comparative Analysis of Literature on SSBs 

This comparative table provides a structured overview of the key contributions from various studies on 

SSBs, highlighting their impact, challenges, and future research directions. 
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Reference 
Key Focus 

Area 

Challenges 

Addressed 

Proposed 

Solutions/Findings 

 

Application/Impact 

Future 

Research 

Directions 

 
Janek & 

Zeier [16] 

 
Development 

Barriers 

Material 

constraints, 

manufacturing 

complexity, 

scalability 

Emphasis on better 

electrolyte materials 

and improved 

interfaces 

 
Commercial viability 

of SSBs 

Development 

of new 

electrolyte 

materials 

 

Machín et 

al. [17] 

 
Sustainability 

Recycling 

techniques, 

ecological 
impact 

 

Need for eco-friendly 

recycling methods 

Reducing 

environmental 

footprint 

Advancements 

in battery 

waste 
management 

 
Deshmukh 

et al. [18] 

 
Lithium- 

Sulfur SSBs 

Polysulfide 

dissolution, 

efficiency 

issues 

Potential solutions for 

improved 

performance 

Enhancing lithium- 

sulfur battery 

technology 

Development 

of high- 

stability 

cathodes 

 

Çolak & 

Irmak [19] 

 
SSBs in EVs 

 

Range and 

safety issues 

Review of SSB 

advancements for EV 

applications 

 

Improved battery 

performance in EVs 

Integration 

with next-gen 

EVs 

 
Olabi et al. 

[20] 

Evolution of 

Rechargeable 

Batteries 

Need for 

innovation  in 

battery 

chemistry 

Discussion on 

emerging 

applications 

 

Broader use of SSBs 

Research on 

novel battery 

chemistries 

 
Yuan & 

Yuan [21] 

 
Patent-based 

Analysis 

Identification 

of research 

hotspots 

Tracking emerging 

trends  and 

breakthroughs 

 
Innovation trends in 

SSBs 

New 

technological 

advancements 

 
Horowitz et 

al. [23] 

 
Transition to 

All-SSBs 

Challenges in 

electrolyte 

transitions 

 
Opportunities in new 

materials 

 
EV-specific battery 

improvements 

Enhancing 

solid 

electrolyte 

performance 

 
Li et al. 

[24] 

Overall 

Progress in 

SSBs 

Electrode- 

electrolyte 

compatibility 

Review of key 

development 

challenges 

 
Optimization of 

battery design 

 
Manufacturing 

advancements 

 
Mageto et 

al. [25] 

 
Practical 

Strategies 

Engineering 

and material 

innovations 

 
Improvements in Li- 

ion SSBs 

 
Enhanced 

performance of SSBs 

Next-gen 

material 

integration 

 
Aruchamy 

et al. [26] 

 
Gel Polymer 

Electrolytes 

 
Low ionic 

conductivity 

 
Potential for high 

stability 

 
Better performing 

batteries 

Further 

electrolyte 

research 

 
Xu et al. 

[27] 

 
Cathode 

Materials 

 
Energy storage 

efficiency 

 
Li-rich oxide 

cathodes 

 

High-capacity SSBs 
Development 

of novel 

cathodes 

 
Liu et al. 

[28] 

Battery 

Management 

Systems 

 
Longevity and 

safety issues 

 
Strategies for optimal 

performance 

 
Extended battery life 

in EVs 

AI-based 

battery 

management 
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Block & 

Song [29] 

 
Patents in 

SSBs 

 
Innovation 

tracking 

 
Material-based 

battery advancements 

 
Material 

improvements 

 
Further patent 

research 

 
Boaretto et 

al. [30] 

 
Lithium SSB 

Materials 

 
Processing 

challenges 

 
Solutions for large- 

scale manufacturing 

 
SSB 

commercialization 

 
Industrial- 

scale adoption 

 
Wang et al. 

[31] 

 
Halide-based 

SSBs 

Material 

properties and 

application 

challenges 

 
Advantages of halide- 

based materials 

 
Increased practical 

usability 

Addressing 

material 

stability issues 

 
Wei et al. 

[32] 

 
Customizable 

SSBs 

Shape and 

design 

limitations 

 
Flexible storage 

solutions 

 
Wider energy 

applications 

Customization 

for diverse 

applications 

 
Schmaltz et 

al. [33] 

 
Roadmap for 

SSBs 

Design and 

scalability 

issues 

 
Proposed 

improvements 

 

SSB advancement 

Future 

research in 

scalability 

Gonzalez 

Puente et 

al. [34] 

 
Garnet 

Electrolytes 

 
Ionic transport 

challenges 

 
Evaluations of 

transport properties 

 
Better solid 

electrolytes 

Improving 

ionic 

conductivity 

 
Whang & 

Zeier [35] 

 
Transition 

Metal Sulfides 

 
Stability 

concerns 

 
Identification of 

advantages 

 
Alternative cathode 

materials 

 
Stability 

enhancements 

 

Ji et al. [36] 

 
Interface 

Stability 

Issues in 

garnet-type 

SSBs 

Strategies for 

interface 

improvements 

 
Better battery 

longevity 

 
Interface 

engineering 

 
Heubner et 

al. [37] 

 
Anode-Free 

SSBs 

 
Energy density 

limitations 

 
Cost reduction 

strategies 

 
Improved energy 

efficiency 

 
Cost-effective 

anodes 

 
Albertus et 

al. [38] 

 

Li-Metal SSBs 

Stability and 

performance 

challenges 

 

Design improvements 

 
Higher efficiency 

batteries 

 
Stable Li- 

metal systems 

 
Rawat et al. 

[39] 

 
Specialty 

Batteries 

 
Future battery 

trends 

 
Innovations in niche 

batteries 

 
Diversification of 

battery applications 

Novel 

specialty 

batteries 

 
Wang et al. 

[40] 

 
Li-Metal 

Anodes 

Dendrite 

formation, 

interface 

instability 

 

Engineering solutions 

 
Enhanced anode 

performance 

Advanced 

anode 

structures 

 
Tan et al. 

[41] 

 
Scaling High- 

Density SSBs 

Lab-to- 

commercial 

challenges 

 

Practical strategies 

 

Industrial production 

Large-scale 

SSB 

manufacturing 
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Houache et 

al. [42] 

Battery 

Chemistries 

for EVs 

Comparison of 

battery 

technologies 

 
Suitability of 

different chemistries 

 
Future EV battery 

selection 

Research on 

alternative 

chemistries 

 
Kalnaus et 

al. [43] 

 
Mechanical 

Stability 

Structural 

integrity 

concerns 

 
Understanding 

mechanical stresses 

 
Longevity 

improvements 

Mechanical 

stress 

optimization 

 
Zhang et al. 

[50] 

Liquid to 

Solid-State 

Transition 

Dendrite 

formation, 

compatibility 

 
Technological 

advancements 

 

Safer, efficient SSBs 

 
Material 

enhancements 

 
Cao et al. 

[51] 

 
Interface 

Engineering 

Interfacial 

degradation 

issues 

Stability 

improvement 

techniques 

 

Extended battery life 
Research on 

artificial 

interlayers 

 
Lim et al. 

[52] 

 
Interface 

Challenges 

Contact issues, 

mechanical 

stress 

 
Various stabilization 

techniques 

 
Increased battery 

performance 

Use of novel 

solid 

electrolytes 

 
Kim et al. 

[53] 

 
Ionic 

Conductivity 

 
Poor lithium- 

ion transport 

 
Grain boundary 

engineering 

 
Enhanced solid 

electrolytes 

 
Microstructure 

optimization 

 
Ren et al. 

[54] 

 

Sulfide SSBs 

 
Sensitivity to 

moisture 

 
Encapsulation 

techniques 

 

Stable sulfide SSBs 

Hybrid 

electrolyte 

research 

 
Song et al. 

[55] 

 
Halide 

Catholytes 

Lithium-ion 

mobility 

limitations 

 
Active catholyte 

strategies 

 
Increased energy 

density 

Improved 

catholyte 

integration 

 
Kim et al. 

[56] 

 
EV Battery 

Advancements 

Energy 

density, 

charging speed 

 
Improvements in 

battery chemistry 

 
Better EV 

performance 

Battery 

chemistry 

optimization 

 
Salgado et 

al. [57] 

 
EV Battery 

Technologies 

Cost, 

scalability, 

environment 

impact 

 
Comparative 

technology analysis 

 
Future energy storage 

trends 

Research on 

alternative 

battery types 

 
Salkuti et 

al. [58] 

Advanced 

Energy 

Storage 

Battery 

lifespan 

optimization 

 
AI-based 

management systems 

 
Extended EV battery 

life 

AI-driven 

battery 

systems 

 
Paul et al. 

[59] 

Interface 

Stability in Li- 

Metal 

Batteries 

Electrolyte 

decomposition, 

lithium 

filament 

growth 

 
Protective coatings, 

buffer layers 

 
Increased SSB 

durability 

 

Long-term 

stability 

research 

 
Cao et al. 

[60] 

In Operando 

Neutron 

Imaging 

Real-time 

analysis 

limitations 

Neutron imaging for 

lithium transport 

insights 

 

Battery optimization 

Advanced 

imaging 

techniques 
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Sarfraz et 

al. [61] 

Solid-State 

Inorganic 

Electrolytes 

Ionic 

conductivity, 

stability 

 
Hybrid electrolyte 

systems 

 
Improved battery 

performance 

Research on 

hybrid 

electrolytes 

 
Li et al. 

[62] 

EV Integration 

with Power 

Systems 

Smart 

charging, V2G 

applications 

 
Future EV energy 

management systems 

 
Sustainable EV 

technologies 

Next-gen 

battery 

applications 

 
 

4. Electrode Design, Interfacial Engineering, and Manufacturing Challenges 

The development of SSBs for EVs hinges on resolving critical challenges in electrode architecture, 

interfacial stability, and scalable manufacturing, each of which intersects with material innovation and 

industrial pragmatism [51-53]. Central to achieving the high energy densities (>500 Wh/kg) required 

for next-generation EVs is the integration of lithium-metal anodes, which offer a theoretical capacity of 

3,860 mAh/g but face persistent issues such as dendrite formation, interfacial instability, and volumetric 

expansion during cycling. To mitigate these challenges, researchers have pioneered strategies such as 

3D host architectures—porous scaffolds of carbon or copper that homogenize lithium deposition—and 

artificial SEI like ultrathin LiF or Li₃N coatings deposited via ALD, which suppress dendrite growth 

while enhancing ionic conductivity [54-58]. Hybrid anode designs, including Solid Power’s "anode- 

free" approach that electrodeposits lithium directly onto current collectors during charging, simplify 

manufacturing while retaining high energy density. Concurrently, advancements in high-voltage 

cathodes, such as nickel-rich, demand stabilization against interfacial degradation, achieved through 

nanoscale coatings and composite architectures that embed solid electrolytes into cathode materials to 

improve ionic contact and oxidative stability [59-62]. Interfacial engineering remains pivotal to 

addressing the inherent solid-solid contact resistance in SSBs, with innovations such as nanoscale 

Li₃PO₄ interlayers—sputtered to reduce impedance from >1,000 Ω·cm² to <100 Ω·cm²—and thermal 

compression techniques that enhance electrode-electrolyte adhesion at elevated temperatures. Hybrid 

electrolytes combining polymers (e.g., PEO) with ceramic fillers (e.g., LLZO) balance flexibility and 

conductivity, as demonstrated in CATL’s prototype cells achieving 500+ cycles at 10⁻³ S/cm. However, 

manufacturing scalability presents formidable barriers: thin-film SSBs, though high-performing, are 

prohibitively expensive due to vacuum deposition methods, while bulk-type SSBs prioritize scalable 

roll-to-roll processes for sulfide electrolytes or tape-casting for oxides, albeit with trade-offs in energy- 

intensive sintering (e.g., LLZO at 1,200°C) and dry-room requirements for moisture-sensitive sulfides. 

Industry leaders such as Toyota and QuantumScape are navigating these challenges through 

partnerships and pilot production lines—Toyota aims to commercialize sulfide-based SSBs by 2027– 

2028 with 500-mile ranges, while QuantumScape’s collaboration with Volkswagen focuses on ceramic 

separators and anode-free designs for a 20 GWh gigafactory. Future progress hinges on overcoming 

high-rate performance limitations (>5 mA/cm²), enhancing low-temperature operation, and advancing 

AI-driven material discovery to optimize electrolytes and interfaces. As the field evolves, 

interdisciplinary collaboration and policy support—such as the U.S. DOE’s $200 million investment in 

SSB R&D—will be critical to aligning SSB innovation with the sustainability and scalability demands 

of the global EV transition. 

5. Conclusions 

The conclusion SSBs are an exciting breakthrough that could completely change how we power EVs. 

By replacing the flammable liquid electrolytes found in traditional LIBs with solid alternatives, these 

new systems offer improved safety and better energy storage, which means your next EV could go 
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much farther on a single charge. Recent advances in the creation of materials such as oxide ceramics, 

sulfide glasses, and polymer composites have resulted in solid electrolytes with performance that comes 

close to liquids. At the same time, engineers have made significant headway in addressing challenges 

at the battery’s interfaces—reducing issues like lithium dendrite growth that have long plagued battery 

performance. While there are still hurdles to overcome, such as scaling up production, lowering costs, 

and ensuring long-term durability under high power demands, the overall outlook is very promising. 

Major companies like Toyota and Quantum Scape are already testing new manufacturing techniques, 

and supportive policies are driving further research and development. Moreover, advancements in 

computational tools and AI are speeding up the search for even better materials and designs. All these 

efforts work together to make SSBs not just a scientific breakthrough but a real-world solution for 

creating safer, longer-lasting EVs. This progress marks an important step toward a more sustainable 

future for transportation, where innovative energy storage solutions help reduce our reliance on fossil 

fuels while enhancing everyday mobility. 
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