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Abstract: Rechargeable solid-state batteries (S5Bs) offer enhanced safety, higher energy density, and
longer cycle life compared with conventional lithium-ion batteries, making them a promising
solution for electric vehicles, grid storage, and other high-demand applications. However,
challenges such as interface stability, low ionic conductivity, and manufacturing scalability hinder
their commercial viability. This research provides a comprehensive cross-sectional thematic and
bibliometric analysis of recent SSB research, focusing on four key areas: electrolyte engineering,
electrode engineering, battery architecture, and performance evaluation. By analyzing publications
from major databases, this study highlights the latest innovations, including improved solid
electrolytes, advanced electrode materials, and novel architectures that enhance both performance
and manufacturability. The findings offer valuable insights for researchers, engineers, and industry
stakeholders by identifying critical gaps in the field and highlighting future research directions. The
work examines progress in interface optimization, ion transport improvements, and scalable
production techniques, which are crucial for advancing SSB technology. By presenting a detailed
review of key developments and challenges, this study contributes to a deeper understanding of
SSB progress and its potential to revolutionize the energy storage industry. The results will guide
researchers in targeting high-impact areas and help industry leaders and policymakers strategize
the commercial deployment of SSBs in electric vehicles, stationary energy storage, and other
applications requiring reliable and efficient energy solutions.

Keywords: Solid-state lithium-ion battery; Electric vehicles; Ionic conductivity; Dendrite
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1. Introduction

The global transition to cleaner and more sustainable transportation technologies has accelerated
in response to increasingly stringent emissions regulations and environmental concerns [1]. Vehicle
electrification, driven by rechargeable lithium-ion battery (LIB) technology, has emerged as the
dominant solution in this shift [2]. However, while LIBs offer numerous advantages, they face critical
challenges, particularly in terms of safety and performance under demanding conditions [3]. The
high flammability of the liquid electrolyte, combined with lithium’s propensity to form dendrites—
needle-like structures that can cause internal short circuits —pose significant risks [4]. These safety
concerns have prompted researchers and industries to explore alternatives that can enhance both the
safety and energy density of energy storage systems.

The rechargeable solid-state battery (55B) has emerged as a leading candidate to address these
challenges, offering a safer, more efficient solution by replacing the flammable liquid electrolyte with
a non-flammable solid electrolyte [5]. The industry expects this transition to provide significant
benefits, including improved thermal stability, suppression of dendrite formation, and the ability to
operate over a wider temperature range without significant degradation [6]. Furthermore, SSBs
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enable the direct use of lithium metal as an anode, unlocking the potential for higher energy densities,
reduced weight, and longer ranges for electric vehicles and other applications [7]. These
advancements make SSBs particularly appealing for sectors such as electric vehicles, drones, and grid
storage, where high energy density, safety, and longevity are paramount.

Despite their potential, significant obstacles remain in the development of SSBs, particularly in
the creation of stable, low-resistance interfaces between solid electrolytes and electrodes [8]. Unlike
liquid electrolytes, solid-state materials cannot easily conform to electrode surfaces, making it
difficult to achieve consistent, high-quality contact across the interface. Poor interface contact can
lead to increased resistance, reduced ionic conductivity, and degraded battery performance. To
overcome these hurdles, ongoing research has been focusing on optimizing solid electrolyte
materials, improving interface design, and integrating advanced manufacturing techniques [9].

The goal of this paper is to provide a thematic and bibliometric analysis of the recent
developments in SSB technology, emphasizing advancements in key areas such as electrolyte
engineering, electrode engineering, battery architecture, and performance evaluation. By reviewing
both experimental and theoretical studies, this paper identifies current trends, challenges, and future
opportunities in SSB research. Specifically, the author highlights innovations that address the critical
barriers to SSB commercialization, such as improving interface stability, enhancing ionic
conductivity, and developing scalable, cost-effective manufacturing processes. The contributions of
this work are insights that provide a deeper understanding of the trajectory of SSB research and
highlight the growing momentum toward realizing solid-state batteries as the next-generation energy
storage solution.

The organization of the rest of this paper is as follows: Section 2 provides a primer on
rechargeable batteries by using the lithium-ion architecture as a focus, reviews the solid-state design,
active research areas, and topics in battery pack construction. Section 3 describes the methodological
workflow, including the methods developed to conduct the thematic and bibliometric analysis.
Section 4 presents the results, including visualization of the data. Section 5 discusses the results,
limitations of the work, and implications for future directions. Section 6 concludes the research and
suggests future work.

2. Literature Review

The following subsections provide a primer on the fundamentals of rechargeable battery
operation, solid state designs, active research areas within SSB development, and battery pack
development.

2.1. Rechargeable Battery Primer

The lithium-ion battery (LIB) has dominated over the previous generation nickel metal hydride
(NiMH) type rechargeable battery because it can store more energy at a lower weight (gravimetric
energy density) and volume (volumetric energy density), has a longer lifespan, and performs better
at operating temperature extremes [10]. Modern rechargeable batteries utilize highly reactive lithium
ions as the primary energy source. Although safer than NiMH, there are still concerns because LIBs
have caused fires due to mechanical, electrical, and thermal abuse [11]. Moreover, the transportation
industry is seeking higher energy density and safer batteries to increase electric vehicle (EV) driving
range and to enable new transport modes such as electrified aircraft [12].

2.1.1. Basic Operation

An LIB consists of anode and cathode materials immersed in a liquid electrolyte with a polymer
material physically separating the electrodes, as illustrated in Figure 1. The dimensions shown in the
figure are typical, but they vary depending on the specific materials used and the design goals of the
battery [13]. The desire is to make all layers as thin as possible without compromising safety or
mechanical integrity, which helps to maximize energy density and minimize internal resistance [14].
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The microporous polymer separator prevents the two electrodes from internally short circuiting
[15]. The separator is an insulator that blocks the conduction of electrons while allowing the passage
of ions through its electrolyte filled pores.

Anode (Negative) (80 um) Cathode (Positive) (60 pm)

Copper Foil (8 pm)
Aluminum Foil (15 pum)

Graphite Layer
Lithium Atom

Electrolyte Transition
(14 um) Solution Metal Oxide Layer

Figure 1. The typical electrochemical structure of a LIB. ©Raj Bridgelall.

The anode material (negative electrode) is typically composed of graphite, a stable form of
carbon atoms organized as a crystal [16]. The typical manufacturing process coats the anode and
cathode materials onto thin copper and aluminum foils, respectively. These foils, also called current
collectors, facilitate electron conduction through an external circuit. The cathode material (positive
electrode) is usually a lithium metal oxide such as lithium cobalt oxide (a crystalline solid) or lithium
iron phosphate (an inorganic compound) [17]. Anode and cathode materials store lithium atoms by
inserting them within their layered atomic structure during the charge and discharge cycles,
respectively, in a chemical process called intercalation. That is, lithium atoms intercalate into the
anode structure during charging and return to the cathode structure as the battery discharges.

Both the anode and cathode materials are porous, containing gaps of various sizes that enable
the liquid electrolyte to permeate the pores [18]. The porosity of these materials is a critical design
factor, optimized to maximize the surface area and electrolyte permeation without compromising
mechanical stability. That is, if the pores are too large or too numerous, the anode might become too
weak or less efficient at storing lithium atoms. Conversely, if the pores are too small or sparse, the
electrolyte might not penetrate deeply enough to facilitate ion transport. Ideally, the manufacturing
process aims to distribute the electrolyte evenly throughout the porous structures. This ensures that
lithium ions can reach every part of the anode and cathode materials, maximizing their utilization
and enhancing the battery’s overall energy density.

When charged, the anode has a higher chemical potential relative to the cathode because of the
higher concentration of lithium atoms [19]. During discharge, this concentration gradient creates a
chemical potential difference that drives positively charged lithium ions (Li*) from the anode to a
lower potential energy at the cathode. That is, Li* have a natural tendency to move toward a state of
lower chemical potential energy by giving up their single outer shell electron in an oxidization
reaction.

Engineers design the composition of the cathode material to be at a higher positive electric
potential (voltage) relative to the anode [17]. This potential difference, typically between 3 and 4 volts,
generates an electric field with its positive end at the cathode and its negative end at the anode.
During discharge, the negative end at the anode repels electrons from the lithium atoms, while the
positive end on the cathode attracts electrons. Hence, when connected to an external circuit, electrons
flow from the anode to the cathode. Electrons in the cathode attract the positive migrating Li* with
sufficient force to overcome the energy barriers associated with intercalation. Each electron in the
cathode combines with a Li* to form a lithium atom that intercalates within the cathode material to
form a stable structure. Although the positive end of the electric field at the cathode produces a
repulsive electrostatic force on Li*, the stronger chemical gradient between the electrodes overcomes
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that force. That is, the electric field primarily affects the electron flow in the external circuit rather
than significantly hindering ion migration.

During discharge, the combined chemical and electrical potential energies, also known as the
electrochemical potential, drive the movement of lithium ions through the electrolyte and electrons
through the external circuit [20]. Electrochemical potential refers to the energy level at which
electrons exist in a material relative to a standard such as lithium metal. This electrochemical process
powers devices connected to the battery as they harness the flow of electrons as electric current. As
electrons flow through various components in the circuit, they lose potential energy corresponding
to the voltage drop across each component. Hence, having lost energy from doing work in the circuit,
electrons enter the cathode at a lower energy state. The battery discharges until it reaches a specified
lower voltage threshold, at which point external circuitry prevents further discharge to protect the
battery.

When charging, the external electrical charger applies direct current (DC) to the battery
terminals, maintaining a higher positive voltage at the cathode relative to the anode [21]. This voltage
difference generates an electric field within the battery that initiates oxidation reactions at the
cathode. The electric field repels the positively charged ions in the cathode and pushes them through
the electrolyte toward the anode. This movement occurs against the natural tendency of the Li* to
move from the anode to the cathode during discharge. The electric field must be strong enough to
overcome the chemical potential difference between the anode and cathode, effectively forcing Li*
back into a higher chemical potential energy state when they reach the anode for storage. The
recombination of Li* and electrons restores the lithium atoms within the anode material, effectively
recharging the battery.

2.1.2. Anode Material

The anode in an LIB stores lithium atoms in graphite (a carbon crystal), though some designs
use lithium titanate or silicon-based materials. Engineers choose graphite because it is inexpensive
and abundant, conducts electricity with low resistance, and efficiently stores lithium ions [19].
Carbon is the smallest atom that can form the most covalent bonds, which is four. This characteristic
enables it to form complex structures such as graphite and even DNA in living things. These bonds
are strong because of the close proximity of carbon’s valence shell to its protons, resulting in high
structural integrity. Hence, carbon is likely to remain an important material in battery construction.

Graphite has a layered structure that allows lithium ions to reversibly intercalate between its
layers of graphene sheets and with low expansion. The manufacturing process coats a slurry form of
the material onto a copper foil, dries it, and then compresses it to form a thin film current collector
[22]. Manufacturing prepares the slurry by processing the graphite into a fine powder and mixing it
with a binder and a solvent. Initially charging the battery introduces the lithium atoms to the graphite
layers (lithiation) that holds them in place with electrostatic forces. This crystalline structure provides
high capacity for lithium atom storage while maintaining structural stability over many cycles of
charging and discharging. The ease of lithiation is due to graphite’s low electrochemical potential
difference from lithium metal of close to 0.1V.

Modern rechargeable batteries often use metals from the alkali group (Group 1 of the periodic
table) because these metals have a single electron in their outermost shell, requiring little energy to
release them [23]. The metal atoms from this group achieve a stable electronic configuration after
releasing an electron. Hence, this ease of electron release is why alkali metals are among the most
reactive elements in nature. Lithium is the smallest and lightest metal in the alkali group. Its low
atomic mass contributes to maximizing the energy density of batteries [24]. Its small ionic radius
allows it to easily move through electrolytes and insert itself into the cathode material structure. Ease
of ionic movement translates to higher power output and faster charging speeds. For these reasons,
it is highly likely that lithium will continue to dominate in modern battery technologies.

2.1.3. Cathode Material


https://doi.org/10.20944/preprints202409.2007.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2024

The cathode material must efficiently store lithium atoms as well as create a significant
electrochemical potential difference with the anode. Manufacturers select cathode materials based on
their standard electrode potentials [10]. That is, a compound with a higher positive potential is better
at attracting electrons (undergoing reduction), while those with lower or negative potentials are
better at losing electrons (undergoing oxidation). For example, lithium cobalt oxide (LiCoO2), a
common cathode material, creates a higher electrical potential than the anode due to its high
reduction potential, the stability of its layered structure that holds lithium atoms at high energy states,
and the strong tendency of cobalt to reduce when intercalating lithium atoms. These properties result
in a significant voltage difference between the cathode and the anode, which is the source of the
battery’s energy density.

A common method for synthesizing cathode materials is a solid-state reaction. This process
involves mixing lithium salts (such as lithium carbonate, Li2COs) with transition metal oxides or
precursors (such as cobalt oxide, iron phosphate, or manganese oxide) in a specific stoichiometric
ratio [25]. Heating the mixture at high temperatures (usually 700°C-900°C) facilitates a chemical
reaction that forms the desired intercalation compound such as lithium metal oxide. Hence, the
compound contains lithium atoms within its crystal structure, ready to participate in electrochemical
reactions.

The cathode material determines many of the battery’s characteristics, including energy density,
power capability, and overall performance. Other common cathode materials include lithium iron
phosphate (LiFePO,) or LFP, lithium manganese oxide (LiMn,O,) or LMO, and various combinations
of nickel, manganese, and cobalt (NMC), lithium nickel cobalt aluminum oxide (NCA), and lithium—
titanate (LTO) [17]. Each material offers different trade-offs between energy density, power output,
safety, cost, and cycle life. For example, LiCoO, provides high energy density but is expensive
compared with alternatives and has safety concerns at high temperatures. LiFePO,, on the other
hand, is cobalt-free, offers excellent thermal stability and long cycle life but at the cost of lower energy
density. The choice of cathode material often depends on the specific application requirements, such
as high energy density for mobile devices or improved safety for electric vehicles.

2.1.4. Electrolyte Material

The electrolyte has a wide electrochemical stability window, meaning it does not break down at
the operating voltages of the battery. However, the liquid electrolyte can decompose at high
temperatures and ignite into a fire [26]. The liquid electrolyte in a commercial LIB is composed of a
lithium salt dissolved in an organic solvent [27]. The most commonly used lithium salt is lithium
hexafluorophosphate (LiPFs). Typical organic solvents include mixtures of ethylene carbonate (EC),
dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC).

The solvent contains a salt of lithium. The solvent pulls the salt apart as it dissolves to form a
mixture of positive and negative ions. Each solvent molecule exhibits a polarization due to the uneven
distribution of electrons within it such that one end has a positive charge with respect to the other
end. Li* will attract the negative (or partially negative) end of a solvent molecule, surrounding it to
form solvation shells. The size and structure of these shells can significantly affect the ion’s mobility
and, consequently, the electrolyte’s conductivity. These shells lower the free energy of the system by
stabilizing the ions. Therefore, manufacturers must balance the ionic conductivity and stability by
carefully controlling the lithium salt concentration [25]. The solvent maintains a balanced charge of
positive and negative ions. During charging, releasing a positive lithium ion into the electrolyte
solution means that it must give up a positive lithium ion elsewhere in the solution to maintain a
balanced charge. The system achieves this balance as electrons entering the anode combine with a
positive lithium ion, pulling it from the salt solution.

When first charged in the factory, an additive to the salt solvent enables a reaction at the anode
interface to form a solid protective film, called a solid electrolyte interface(SEI), on the graphite
particles [28]. These reactions use from 5% to 10% of the lithium in the battery in the first charge cycle.
This film is a stable surface that extends battery life. Lithium ions can pass through the SEI.
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2.2. Solid State Designs

Compared with the conventional batteries based on the liquid electrolyte, solid-state batteries
are still less studied and face more challenges [19]. A solid-state battery (SSB) design replaces the
flammable liquid electrolyte with a non-flammable or less-flammable solid to increase its inherent
safety [29]. Engineers keep lithium metal in the anode because of its high theoretical capacity and low
electrochemical potential. The solid-state electrolyte allows for the direct use of lithium metal without
the graphite material in the anode, which further increases the battery’s energy density. During
charging, lithium ions participate in a reduction reaction by gaining electrons from the external
circuit, and the atoms deposit onto the lithium metal surface in the anode. Hence, the anode increases
in mass and thickness as lithium atoms plate the lithium metal. These repeated volume changes
induce mechanical stress within the anode. Over time, this stress can cause the formation of cracks or
voids, which can degrade the battery’s performance and life span [30].

A common issue with lithium metal is dendrite formation from the repeated shuffling of lithium
ions between the electrodes during charge-discharge cycles [7]. Dendrites are needle-like structures
that can grow through an electrolyte during charging. Dendrites can pierce the electrolyte and cause
short circuits, leading to potential safety risks such as thermal runaway. Solid electrolytes replace the
electrode separator and also resist dendrite growth better than liquid electrolytes, but the challenge
remains significant [6]. That is, uneven lithium deposition during charging can exacerbate dendrite
growth.

The materials used for the cathode are similar to those used in liquid-electrolyte batteries, but
they must be compatible with the solid electrolyte. The anode and cathode materials form a
continuous direct interface with the solid electrolyte. These interfaces must be stable to prevent side
reactions that could degrade the battery’s performance. The manufacturing process typically presses,
sinters, or otherwise brings the solid electrolyte into intimate contact with the electrode materials
[31]. This direct physical contact is essential for enabling lithium-ion transport between the
electrodes. A poor contact can lead to high interfacial resistance that reduces the battery’s
performance.

The solid electrolyte must be highly conductive to lithium ions while remaining electronically
insulating to prevent short-circuiting between the anode and cathode. Lithium ions move through
the solid electrolyte via diffusion mechanisms, which is different from the free flow of stabilized
solvation shells in a liquid electrolyte [32]. The diffusion of ions in a solid material involves hopping
between specific sites within the crystal structure of the solid material. This can reduce the ion
conductivity relative to liquid electrolytes. Engineers form these sites by promoting defects or
vacancies in the lattice of the solid electrolyte. Improving the ion conductivity in solid electrolytes is
an active area of research.

2.3. Active Research Areas

Current LIB material choices are the result of decades of research and development, balancing
performance, safety, cost, and manufacturability [33]. Ongoing research continues to explore new
materials and combinations to further improve battery performance and address current limitations.
In general, SSB research efforts focus on improving energy density, power output, safety, cost, and
cycle life.

2.3.1. Electrolyte

Solid-state electrolytes promise to be a safer alternative to flammable liquid electrolytes [26].
Solid electrolytes use a crystalline structure to create low energy pathways for ions to move under
the influence of the electric field. Manufacturers can make solid electrolytes from ceramics, polymers,
or glassy materials that conduct lithium ions [6]. Ceramics have high ion conductivity, but they are
brittle. Polymers are more flexible, but they have lower conductivity [34]. Glassy materials have high
conductivity, but they are reactive with moisture. The industry is seeking solid electrolytes with high
ionic conductivity, mechanical flexibility, and chemical stability.
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2.3.2. Anode

Graphite has a lower lithium storage capacity compared with some alternative materials [35].
For instance, silicon can theoretically store up to 4.4 lithium ions per silicon atom, compared with
only 1 lithium per 6 carbon atoms in traditional graphite anodes [19]. As a result, the theoretical
capacity of silicon is about 4,200 mAh/g, which is more than an order of magnitude higher than that
of graphite, which has a theoretical capacity of 372 mAh/g. However, silicon anodes face issues with
large volume expansion of up to 300% when absorbing lithium ions during charging, which can lead
to mechanical degradation and capacity fade. Silicon anodes can also form an unstable SEI layer,
especially in solid-state systems, leading to increased resistance and reduced cycle life [28].

The repeated plating and stripping of lithium atoms can roughen the surface and increase the
interfacial resistance with the solid electrolyte [36]. The incomplete stripping of lithium during
discharge can lead to the formation of voids that can accumulate and disrupt the structural integrity
of the anode, reducing its effective capacity. Hence, researchers are investigating ways to improve
the performance and longevity of lithium metal anodes through surface coatings, pre- lithiation, and
microstructure 3D architectures. Applying protective coatings to the lithium metal surface can help
manage the interface with the solid electrolyte and reduce the risk of dendrite formation and
excessive interphase layer growth. Pre-lithiation can stabilize the lithium metal anode and reduce the
initial formation of the interphase layer, leading to better cycling stability. Designing lithium metal
anodes with engineered microstructures, such as 3D architectures, can accommodate volume changes
more effectively and reduce the likelihood of dendrite formation.

2.3.3. Cathode

Increasing the voltage difference relative to the anode, while retaining the energy storage
capacity, increases the battery’s energy storage and delivery capability [9]. A key area of research is
finding cathode materials that operate at higher potentials relative to lithium while storing more
lithium per unit volume. Cathode materials must also be stable at high voltages and withstand
repeated lithium insertion and extraction without significant structural degradation. This is crucial
for the long-term stability and cycle life of the battery. Charge transfer kinetics, which is the rate that
charged particles can intercalate, is important for high-power applications [37]. Cathode materials
must also be stable when in contact with the electrolyte at high voltages.

2.3.4. Interfacial Integrity

The interface design must ensure that lithium ions can easily pass from the solid electrolyte into
the electrode materials and vice versa [38]. The interface between the solid electrolyte and the
electrode materials must maintain mechanical integrity during cycling. As the battery charges and
discharges, volume changes in the electrode materials can create stress at the interface. However,
achieving consistent and low resistance contact between the solid electrolyte and electrode materials
is a significant challenge. Hence, scientists and engineers are investigating techniques such as
interface coating, thermal treatment, and mechanical compression to optimize the interfaces.

During battery operation, a solid-state interphase (SSI) can form at the interface, similar to the
SEI in liquid electrolytes [39]. This layer must be stable, thin, and conductive to lithium ions but
insulating to electrons to prevent further reactions. The formation of a stable interphase is crucial for
long-term battery performance as it protects the electrolyte and electrode from further unwanted
reactions.

Solid-state batteries often require very thin layers of solid electrolyte to reduce internal resistance
and ensure efficient ion transport. Creating these thin layers, especially in large-scale production,
demands advanced techniques such as vapor deposition or sputtering, which are more complex and
expensive than the processes used for traditional batteries [22]. The manufacturing process must
precisely stack multiple thin layers of anode, electrolyte, and cathode material with high alignment
accuracy. Any misalignment can lead to poor performance or short circuits. Ensuring uniform
pressure and contact across the layers during assembly is challenging, as any air gaps or uneven
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pressure can degrade battery performance. The assembly equipment must carefully control the
layering and compression to avoid damaging the materials or introducing defects. Improving yield
while reducing defects is a critical issue in making solid-state batteries commercially viable. For solid-
state batteries to become competitive, manufacturers must also reduce their costs significantly, which
requires innovations in both materials and processes.

2.3.5. Battery Pack Development

The assembly of commercial lithium-ion batteries involves multiple stages, each contributing to
the overall energy density and performance of the final battery. The assembly consists of three main
levels: cell, module, and pack [15]. Cells can come in various formats, such as cylindrical, prismatic,
and pouch cells. Prismatic and pouch cells can achieve higher energy densities due to better space
utilization, as cylindrical cells often leave small gaps between them when arranged in a module [40].

Connecting multiple individual cells in series (to increase voltage) or parallel (to increase
capacity) forms a module [41]. The arrangement depends on the application and the desired power
and energy requirements. Modules often include cooling systems, protective casings, and safety
features like thermal management and battery management systems. These additions help to prevent
overheating, optimize performance, and ensure battery longevity. While cooling systems and safety
features are essential for performance and safety, they can reduce the energy density at the module
level by taking up space and adding weight. Efficient thermal management systems are crucial for
minimizing this impact.

Multiple connected modules form a battery pack. The number of modules and their
configuration (series or parallel) depend on the desired output voltage, capacity, and power of the
battery. A sophisticated system monitors the health, temperature, and state of charge of each cell or
module in the pack. The system ensures the safe operation of the battery, manages charging and
discharging, and prevents overcharging, over-discharging, and overheating [42]. The arrangement of
the pack casing and modules also affect the final energy density. In practice, the energy density at the
pack level can be 10% to 25% lower than at the cell level due to the added weight and volume of these
systems. Efforts to minimize the weight and size of the pack structure while ensuring safety and
stability can help maximize the usable energy density of the pack.

Structural batteries are emerging as a manufacturing strategy that combines the functions of a
battery and a structural component to significantly increase energy density [43]. The key idea is to
make the battery itself a part of the structure of a device or vehicle, rather than a separate component
that adds extra weight. Engineers can achieve this by using materials that can both store energy and
bear mechanical loads. This approach will enable longer range ground vehicles and new modes of
transportation such as electric vertical takeoff and landing (eVTOL) aircraft [44].

3. Methodology

Figure 2 presents a detailed workflow illustrating the methodological approach used in the
bibliometric and thematic analysis. The process begins with a Boolean search using the keywords
“solid state,” “battery,” and “vehicle” across two databases: Web of Science (WOS) and IEEE Xplore.
The selection of these as the primary databases for this analysis is based on their comprehensive
coverage of high-impact, peer-reviewed research in the fields of science, technology, and engineering.
The research community widely recognizes WOS for its multidisciplinary reach and robust citation
tracking, while IEEE Xplore specializes in cutting-edge innovations in electrical engineering,
computer science, and electronics. Scopus is another popular database used in literature reviews.
However, the author excluded it due to institutional policy, given its considerable overlap with WOS
and the need to manage research costs efficiently.
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Figure 2. The workflow developed for the thematic and bibliometric analysis.

Selecting only a few keywords balanced the casting of a wide search with high relevance. That
is, too few keywords such as only “battery” would result in an incredibly broad search, whereas
using too many keywords would overly narrow the search. The author filtered the search results by
language (English) and a decade of publications (2015-2024). This yielded 176 and 20 relevant articles
from WOS and IEEE Xplore, respectively. The databases exported the results in different formats:
tab-delimited for WOS and comma-separated for IEEE Xplore. The author wrote Python procedures
to combine the sub-files, map fields from the different formats, and merged them into a unified tab-
separated-value (TSV) format. The procedures removed duplicate records based on their document
identification numbers (DOI), resulting in 185 unique entries.

Following the data collection, the author, a subject matter expert (SME), screened and
categorized those articles into five themes by reviewing the titles and abstracts. This step resulted in
80 articles. Then using their DOI as a unique key, the VOSViewer software (version 1.6.20)
downloaded their bibliometric features from the OpenAlex database [45]. The result was a JSON file
with 79 of the articles located. After converting the JSON file to TSV format and merging back the
categories that the SME identified, the author looked up and filled in any missing affiliations.

Thematic assessment involved analyzing titles and abstracts using natural language processing
(NLP) techniques to generate bigram word clouds and heatmaps. The author wrote Python code to
clean, analyze, and visualize the downloaded bibliometric data by producing word clouds,
histograms, heatmaps, scatter plots, and term co-occurrence networks of the most frequent keywords.
The visualization mapped the distribution of publications and citations across categories, authors,
countries, and institutions. The author also carefully read the publications to offer some details and
insights of research directions within each SME category. The workflow emphasizes a
comprehensive, data-driven approach to analyzing and visualizing publication trends in the solid-
state battery (SSB) field.

4. Results

The following subsections discuss the results of the thematic analysis, bibliometric analysis, and
specific findings from selected works within each category. The SME-defined categories were
Electrolyte Engineering, Electrode Engineering, Architecture Research, Multidisciplinary Review,
and Performance Evaluation.
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4.1. Thematic Analysis

Figure 3 illustrates the thematic categorization of key research areas related to solid-state
batteries in vehicles via bigram word clouds. Each word cloud in the category highlighted prominent
research themes by the frequency of term occurrence.
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Figure 3. Bigram word cloud of titles and abstracts within each category.

The word cloud for All Categories aggregated themes across the entire dataset. In the category
of Architecture Research, significant terms include “polymer electrolyte,” “ionic conductivity,” and
“liquid electrolyte,” indicating a focus on foundational aspects of SSB architectures and their material
properties. The category of Electrode Engineering emphasizes terms such as “nickel-rich cathode,”
“layered oxide,” and “composite particle,” suggesting a focus on electrode materials and their
functional optimization.

The category of Electrolyte Engineering highlights “ionic conductivity,” “liquid electrolyte,” and
“polymer electrolyte,” pointing to research directed toward improving electrolyte performance,
especially in terms of conductivity and stability. The Multidisciplinary Review category covers broad
themes like “recycling technology,” “sustainable development,” and “price decrease,” suggesting a
comprehensive assessment of the solid-state battery (SSB) landscape, including sustainability and
future challenges. The category of Performance Evaluation highlighted “neutron imaging,” “ionic
conductivity,” and “thermal characteristics,” indicating an emphasis on advanced diagnostic tools
and performance metrics for batteries.
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The word cloud for “All Categories” synthesizes the most common terms across all research
areas, highlighting the recurring themes of “ionic conductivity,” “polymer electrolyte,” and “high
density” as central to the field of SSB research. This visualization effectively highlights the thematic
distribution and priority areas within the academic discourse on solid-state batteries.

Figure 4 complements the word cloud by showing the distribution of key research themes across
different categories through bar charts representing the frequency of prominent bigrams. The

7]

frequency distributions provide a quantitative view of the research focus and the relative importance
of the themes within each category.

Figure 5 provides another view of the key themes from the perspective of the author-provided
keywords across the five key research categories. In Architecture Research, “electrolyte,”
“management systems,” and “fast conductor” are dominant terms. The emphasis on “fast conductor”
and “density” points to efforts in improving the charging rates and energy density of battery
anode,”

”oou

architectures. For Electrode Engineering, the most prominent terms are “electrolyte,
“cathode,” and “nanostructured,” highlighting a concentrated effort on electrode materials, their
performance, and their functional properties.

This focus is consistent with the pursuit of enhancing battery performance through material
polymer,”
“electrolyte,” and “organic,” suggesting an emphasis on developing advanced conductive materials

v u

innovations. In Electrolyte Engineering, the leading terms are “fast conductor,

and polymers for improved electrolyte performance. The Multidisciplinary Review category features
management,” “lithium,” and “recycling,” which emphasizes a broad, systemic view of
solid-state batteries, considering not only technical aspects but also sustainability and future
management strategies.

The Performance Evaluation category highlights terms such as “fast conductor,”
“electrochemical,” and “SAFER” with a focus on advanced diagnostics, safety concerns, and the
overall system performance of batteries. The Combined Keywords word cloud synthesizes all the
electrolyte,” “management systems,” and
“nanostructured” being the most significant, indicating central themes in the field. These

s

“systems,

” o

prominent terms across categories, with “fast conductor,

visualizations provide a comprehensive overview of the focus areas within SSB research from title,
abstract, and author keywords, highlighting both material innovations and systemic challenges.

Figure 6 provides a cross-sectional visualization via a heatmap of the top five keywords by
category. Each row represents a distinct author keyword, and each column corresponds to one of the
five research categories. The color intensity indicates the frequency of keyword occurrences, with
darker blue shades representing fewer occurrences and darker red shades indicating higher
frequencies. The keyword “Electrolytes” appears prominently across most categories, especially in
“Electrolyte Engineering” where it records the highest occurrence of 14 mentions. This indicates a
strong focus on electrolyte materials across multiple research areas. The chart also features “Fast
conductor” across several categories, most notably in “Electrolyte Engineering” (12 mentions), which
aligns with the importance of conductivity improvements in electrolyte research.
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Figure 4. Bigram distribution of titles and abstracts within each category.

Keywords such as “Management Systems” and “density” show notable frequencies in the
Architecture Research and Multidisciplinary Review categories, reflecting a systems-oriented
approach to battery performance and energy density. “Electrolyte Design” and “Polymer
Electrolytes” are highly concentrated in Architecture Research and Electrolyte Engineering, where
material design and polymer innovation are critical research topics. “Electrode” and “Anode” are
dominant in Electrode Engineering, consistent with the category’s focus on electrode material and
structure development.

“Recycling” and “Lithium-lon” are key themes in Multidisciplinary Review, reflecting
sustainability and material reuse concerns in the broader battery lifecycle. This heatmap provides a
clear, comparative view of the distribution of specific research themes across different categories,
offering insights into the dominant research focuses and emerging trends within the SSB field.

Figure 7 presents a term co-occurrence network generated using VOSViewer, illustrating the
relationships between key terms within SSB research. Each node represents a specific term, and the
size of the node correlates with its frequency of occurrence in the corpus. The lines (or edges) between
nodes indicate co-occurrences, with the thickness of the lines representing the strength of the
association between terms. The color coding reflects different clusters of closely related terms,
indicating distinct thematic areas within the field. At the center of the network, the term “electrolyte”
(blue cluster) forms the largest and most interconnected node, highlighting its central role in SSB
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research. Surrounding it are closely related terms such as “ionic conductivity,” “polymer electrolyte,”
and “solid electrolyte,” emphasizing the focus on improving electrolyte materials for better
performance. The green cluster centers around the term “solid electrolyte,” linking to terms such as
“active material” and “ionic conductivity,” which further supports the emphasis on material
innovations aimed at enhancing battery conductivity and stability at room temperature.

In the red cluster, terms like “challenge” and “technology” dominate, reflecting the ongoing
challenges in the development and future prospects of SSB technology. Terms such as “battery
technology,” “solid-state electrolyte,” and “future” are strongly associated with this cluster, pointing
to the future-oriented research focus on overcoming technological hurdles.
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Figure 5. Categorical word clouds of author keywords.
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Figure 7. Keyword co-occurrence and cluster analysis.

Finally, the yellow cluster highlights terms such as “high energy density” and “lithium,”
emphasizing efforts to increase energy density in SSBs, a key driver for their application in electric
vehicles and other high-demand technologies. Overall, this network visualization provides a
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comprehensive overview of the interconnection of different research themes and challenges, offering
insights into the dominant topics and their relationships within the SSB research community.

4.2. Bibliometric Analysis

Figure 8 provides a comprehensive analysis of the publication trends in SSB research through
four distinct visualizations. Figure 8a presents the number of publications by year, showcasing a
steady increase in scholarly output from 2015 through 2024. The growth is particularly notable after
2018, reflecting the rising interest and advancements in SSB technologies. The year 2023 saw the
highest number of publications, with 2024 expected to continue this upward trend. Figure 8b depicts
the number of publications by category, indicating the distribution of research across the five
thematic areas. Electrolyte Engineering leads with the highest number of publications, followed
closely by Electrode Engineering and Performance Evaluation. Multidisciplinary Review has the
fewest, suggesting a more focused approach in specific technical domains rather than broader
reviews.

(a) Publications by Year (b) Publications by Category
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Figure 8. Publications by a) year, b) category, c) author distribution, d) category and year.

Figure 8c displays a histogram of the number of authors per paper, showing that most
publications have between three and 10 authors, with the mean number of authors being 6.25 with a
standard deviation of 4.65. Pasta et al. (2020) was an outlier with 36 authors, reflecting a large-scale
collaborative effort with several universities and institutions in the United Kingdom [46]. Figure 8d
is a heatmap representing the distribution of publications in each category by year. The color intensity
indicates the number of publications within each category, with Electrolyte Engineering and
Electrode Engineering maintaining steady growth over the years. Other categories, such as
Performance Evaluation and Architecture Research, have shown intermittent publication activity,
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with peaks in 2022 and 2024. These visualizations collectively highlight the increasing focus on solid-
state batteries over the last decade, with a particular emphasis on electrolyte and electrode
innovations. The interdisciplinary nature of the field is also evident in the large number of authors
per paper on average, reflecting the collaborative efforts driving this area of research.

Figure 9 presents a set of heatmaps detailing the distribution of publications across several key
bibliometric dimensions, including lead authors, countries, affiliations, and journals.
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Figure 9. Publications by a) lead authors, b) countries, c) affiliations, and d) category and journal.

Figure 9a shows publications by the top 10 lead authors, revealing that authors such as Jin Yi (7
co-authors) and Rui Yang (13 co-authors) have contributed most actively to the SSB field. The
heatmap highlights that these authors began publishing more frequently after 2020, with a few
outliers making significant contributions earlier in 2017. Figure 9b illustrates publications by the top
10 countries of lead authors, with China and the United States leading in output. In particular, China
has shown a continuous rise in the number of publications since 2020, while the U.S. peaked in 2024.
Germany and Japan also had a notable presence, with consistent contributions across the years.
Figure 9c focuses on publications by the top 10 affiliations of lead authors, showcasing prominent
institutions such as Tsinghua University, University of Maryland, and Argonne National Laboratory.
The heatmap demonstrates that these affiliations have been particularly active between 2020 and
2024, indicating strong institutional interest in SSB research during this period. Figure 9d details
publications in the top 10 journals by category, highlighting the primary outlets for research in each
thematic category. Advanced Energy Materials, Advanced Materials, and Energy Storage Materials
have the highest representation, particularly for Electrode Engineering and Electrolyte Engineering.
The categories Performance Evaluation and Multidisciplinary Review have fewer dedicated
publications in top journals, suggesting more specialized or niche outlets for these areas. These
heatmaps provide a clear overview of the geographical, institutional, and journal-level trends in SSB
research, offering insights into the key contributors and publication channels driving the field
forward.

Figure 10 presents a series of heatmaps analyzing citation trends in SSB research. The figure
categorizes the data by lead authors, countries, affiliations, and research categories, providing
insights into the impact and influence of different contributors and regions within the field. Figure
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10a displays the citations of the top 10 lead authors by year. Arumugam Manthiram stands out with
a significant increase in citations beginning in 2021, reaching over 450 citations in 2023. Other authors,
such as Rusong Chen, Yuan-Li Ding, and Jonathan Lau, have experienced steady growth in citations,
reflecting their growing influence in the field over time.
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Figure 10. Citations by a) lead authors, b) countries, c) affiliations, and d) category and journal.

Figure 10b highlights the citations of lead authors from the top 10 countries. The United States
leads with the highest number of citations, particularly from 2020 to 2023, peaking at about 900
citations in 2022. China follows closely, with a significant rise starting in 2020. Other countries, such
as Canada, Japan, and Germany, also contribute notable citation counts, though at a smaller scale
compared with the U.S. and China. Figure 10c focuses on the citations of lead authors by the top 10
affiliations. The University of Texas at Austin and the University of Waterloo show the most
substantial citation impact, particularly from 2021 to 2023. The Institute of Physics and University of
Maryland also demonstrate growing citation influence, while institutions such as Helmholtz-Institute
Miinster and Tsinghua University showed more recent growth in impact. Figure 10d presents the
citations by research category over the years. Electrode Engineering leads with the highest number
of citations, particularly from 2021 onward, peaking at 781 citations in 2023. Architecture Research
and Multidisciplinary Review categories have also seen increasing citation counts, reflecting their
rising importance in recent years. Electrolyte Engineering shows steady but moderate citation
growth, while Performance Evaluation remains consistent but comparatively lower in citation
impact. Overall, these heatmaps highlight the increasing influence of certain authors, institutions,
and countries within the SSB research community. The growth in citations reflects the evolving
importance of specific research themes, with Electrode Engineering and Architecture Research
emerging as particularly high-impact areas in recent years.

Figure 11 illustrates the country co-authorship network for SSB research, focusing on the six
countries that have contributed to at least five publications.
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Figure 11. Country co-authorship network.

The network diagram shows the collaborative relationships between these countries, with node
size indicating the number of documents, and the thickness of the connecting lines representing the
strength of collaboration (link strength) between countries. Table 1 provides additional data on the
number of documents, citations, and total link strength (TLS) for each country.

Table 1. Co-authored publications by countries.

Country Documents Citations TLS
China 27 2,617 15
United States 26 4,561 11
Canada 6 1,282 6
Japan 7 534 5
United Kingdom 6 333 4
South Korea 6 177 1

China and the United States dominate the network, with the largest nodes and the strongest co-
authorship links. They show significant collaboration with each other as well as with other countries
like Canada, Japan, and the United Kingdom. China led with 27 publications, 2,617 citations, and a
total link strength of 15 while the United States followed closely with 26 publications, 4,561 citations,
and a total link strength of 11. Japan ranked third in publications with seven documents and 534
citations, but a much lower total link strength of 5, indicating a lesser degree of international
collaboration compared with China and the United States. The United Kingdom, South Korea, and
Canada exhibit moderate contributions to the field, each with six publications and varying degrees
of collaboration. Overall, the network highlights the global nature of SSB research, with the United
States and China acting as central hubs for international collaboration and driving much of the
citation impact in the field.

Figure 12 provides a detailed analysis of citation patterns across the research categories,
including the number of citations, citation rates per publication, and publications distribution by
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country. Figure 12a shows the citations in each category, highlighting that Electrode Engineering
garnered the highest number of citations (more than 3,000), followed by Architecture Research and
Multidisciplinary Review, each with more than 1,500 citations. Electrolyte Engineering and
Performance Evaluation have received fewer citations overall.
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Figure 12. Citations a) across research categories, b) per publication within categories, c) rates in
categories, and d) publications in category by top 10 countries.

Figure 12b examines the citations per publication in each category, revealing that
Multidisciplinary Review has the highest citation rate per publication, with more than 175 citations
per paper. Electrode Engineering and Architecture Research also had a high influence, each
averaging over 100 citations per paper, while Performance Evaluation and Electrolyte Engineering
have lower citation rates. Figure 12c provides a scatter plot of citations versus publications by
category, where the size of the bubble represents the average number of citations per publication.
Electrode Engineering stands out with both the highest number of publications and the highest
citation count, averaging 166.6 citations per paper. Multidisciplinary Review has fewer publications
but a high citation average (183.4), indicating significant influence despite fewer contributions.
Architecture Research and Performance Evaluation fall in the middle range, while Electrolyte
Engineering has the lowest citation impact, averaging 52.1 citations per publication. Figure 12d
presents a heatmap showing the distribution of publications in each category by the top 10 countries.
China and the United States dominate across categories, especially in Performance Evaluation and
Electrolyte Engineering. Germany shows a weak presence in both electrode and electrolyte
engineering, while Japan, South Korea, and other nations contribute more moderately across the
various research categories. Overall, Figure 12 emphasizes the dominance of Electrode Engineering
in both citation impact and publication volume, while also showcasing the importance of
Multidisciplinary Review for high-impact research despite its smaller number of publications. The
distribution across countries highlights China and the United States as key players in the field.

Figure 13 provides an in-depth look at citation trends in SSB research, focusing on citation
patterns by year, country, and institutional affiliation. Figure 13a illustrates the citations by year,
showing a dramatic rise in citations starting in 2020, with a sharp increase through 2023. This trend
reflects the growing attention to SSB research, with citations more than doubling between 2020 and
2023. The data as of September 2024 indicate a continued high impact of this field. Figure 13b
examines the citations per publication by year, which mirrors the pattern in citations by year. The
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average number of citations per publication has steadily increased since 2018, with a notable peak up
to September 2024 when each publication averaged more than 150 citations. This indicates that recent
studies are gaining significant traction in the academic community. Figure 13c presents a scatter plot
of citations versus publications by country, with the size of each bubble representing the average
number of citations per publication. The United States stands out with the highest number of citations
and publications, averaging 196 citations per paper.
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Figure 13. Citations a) by year, b) per publication by year, c) rates by country, and d) rates by

affiliation.

China follows, though its citation rate per publication is slightly lower at just over 90. Canada
has fewer publications but a comparatively high citation impact, with an average of just over 311
citations per publication. Japan and Germany also contribute notably but with fewer citations and
publications overall. Figure 13d provides a scatter plot of citations versus publications by institutional
affiliation, with the University of Texas at Austin, the University of Waterloo, and the Institute of
Physics standing out for their high citation impact. The University of Texas at Austin has a citation
average of just over 838, while the Institute of Physics leads with 1,058 citations per paper, indicating
a substantial influence in the field. The University of Waterloo and University of Maryland also show
strong citation performance, reflecting their importance in the global research landscape for SSB
research.

Overall, Figure 13 highlights the rapid rise in citation impact for SSB research in recent years,
with the United States leading in both publication volume and citation count. Institutions such as the
University of Texas and the University of Waterloo are emerging as key contributors to this growing
body of literature.

4.3. Specific Developments

4.3.1. Electrolyte Engineering

Electrolyte engineering continues to make significant strides in advancing SSB performance,
especially in areas such as ionic conductivity, mechanical stability, and compatibility with lithium-
metal anodes. Research in this field focuses on synthesizing innovative electrolyte materials, both
solid and hybrid, which offer improved conductivity and stability at room temperature, as well as
enhanced electrochemical performance under high-voltage conditions. The development of these
materials addresses the key challenges of lithium dendrite formation, low conductivity at ambient
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temperatures, and poor interfacial contact between the electrolyte and electrode materials. Table 2
summarizes key findings from recent studies in electrolyte engineering.

Table 2. A sample of specific developments in electrolyte engineering.

Source Key findings and/or contributions
Choi et al. Synthesized solid electrolyte by separating the precipitate and removing the
(2024) supernatant after high-energy ball milling to increase the ionic conductivity
and compatibility with lithium metal at room temperature [47].
Zhu et al. Demonstrated that doping a lithium-aluminum-titanium-phosphate (LATP)
(2024) solid-state ceramic electrolyte with zinc strengthened its mechanical properties

while providing an optimized network channel for lithium-ion transport at
room temperature [48]. They achieved 180 cycles of battery life.
Thomas et al. Proposed creating a nanocomposite electrolyte from kaolinite, an earth-
(2024) abundant clay variety, by overcoming strong interlayer forces that have
historically precluded their efficient exfoliation (separation) into thin sheets
[49]. They used a special liquid process to break apart the kaolinite into very
thin, tiny pieces (nanoplatelets) and combined those with a succinonitrile liquid
electrolyte to form a nanocomposite gel electrolyte. They achieved a desired
ionic conductivity at room temperature, high mechanical strength, a wide
electrochemical stability window of 4.5 volts, and thermal stability beyond 100
degrees Celsius.
Yuetal. (2024) Developed a gel polymer electrolyte by mixing lithium salt and poly (ethylene
glycol) dimethyl ether [25]. This resulted in tiny fibers formed from a rigid
double helical structure. Combined with a lithium anode and a LiFePOs
cathode, the battery cell exhibited strong mechanical properties, a wide
operating temperature range up to 120 degrees Celsius, high charge cycles, and
high-capacity retention.
Lietal (2023)  Demonstrated the use of a halide solid electrolyte (LisInCls) to precisely tailor
the movement of lithium-ion both within and between the grains of this
material [30]. Their process led to the formation of unexpected supersonic
conducting grain boundaries that lowered the energy required for ion hopping
and suppressed lithium dendrite growth. They achieved 2,000 cycles of battery
life and 93.7% capacity retention.
Lee et al. Developed an organic solid electrolyte based on a diethylene glycol-modified
(2023) pyridinium covalent organic framework that exhibited high ion conductivity
(1.71x10+ S/cm) at room temperature, 99% coulombic efficiency, and effective
suppression of lithium dendrite formation [27].

Swathi et al. Incorporated a nanofiller made with calcium hydroxide derived from natural
(2023) seashells into a polymer electrolyte (PEO + LiClOs salt), yielding improved
ionic conductivity of 4.12x10 S/cm at 25 degrees Celsius [34].
Zhang et al. Developed a dual-halogen solid-state electrolyte (LisYCis) that increased ionic
(2023) conductivity by more than one order of magnitude and retained capacity at

80% after 1,000 cycles at 4 degrees Celsius [50].

Haetal. (2022) Reviewed the literature on wet chemical synthesis of sulfide solid electrolytes,
summarizing the reaction mechanism between the raw materials in the solvent

[51].
Martinez et al. Created a hybrid solid electrolyte by combining both polymer and ceramic
(2019) materials to improve ionic conductivity and mechanical stability [52]. Blending

the solid electrolyte with the cathode material (LiFePO4) at 30% to 40% by
volume yielded good interfacial contact between the components and efficient
ionic transport throughout the cell. They calculated theoretical gravimetric and
volumetric energy densities of 185 Wh/kg and 345 Wh/L, respectively.



https://doi.org/10.20944/preprints202409.2007.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2024

22
Lau et al. Reviewed the challenges and opportunities for sulfide-based solid electrolytes
(2018) [53].
Yi et al. (2017) Developed a hybrid polymer-ceramic electrolyte for a lithium-air battery,

achieving 3.2x10#S/cm ionic conductivity at room temperature, and 350 cycles
at 50 degrees Celsius [54].
Song et al. Developed a solid electrolyte based on a sodium-zirconium-magnesium-
(2016) silicon-phosphorus-oxide material and achieved ionic conductivity of 3.5x10-
S/cm at room temperature [55]. The prototype used sodium and sulfur in the
anode and cathode, respectively.

4.3.2. Electrode Engineering

Electrode engineering is pivotal in enhancing the performance, energy density, and durability
of solid-state batteries. Recent innovations have focused on developing electrodes that are
structurally robust, capable of high energy transfer, and effectively integrated with solid-state
electrolytes. These advancements aim to address the challenges related to energy barriers, electrode
material distribution, and interfacial stability, which are critical for optimizing battery performance
and life cycle. Table 3 summarizes notable contributions from research in this area while Table 4 and
Table 5 focus separately on specific innovations in cathode and anode engineering, respectively.

Table 3. A sample of specific developments in electrode engineering.

Source Key findings and/or contributions
Mills et al. (2024) Developed flexible and durable sheets of 30 micrometer-thick solid-state
electrodes, bounded to a sulfide solid-state electrolyte [14]. They found that
optimizing the molecular weight of the binder can achieve the best
combination of structural integrity and grain boundary resistance. The
prototype achieved an energy density of 500 Wh/kg.

Ramasubramanian Explored strategies for mitigating energy barriers of the electrodes for
et al. (2024) metal-air batteries [36]. Strategies included 3D electrodes, oxygen-selective
membranes, solid-state electrolytes, hybrid polymer electrodes, conductive
electrocatalysts, and artificial solid-electrolyte interfaces.

Hayakawa et al. Coated the electrode materials with a conductive additive (acetylene black
(2023) and vapor-grown carbon fiber), yielding improved contact with the solid
electrolyte material and reduced internal resistance [8].
Alexander et al. Proposed a single-phase mixed ion- and electron-conducting garnet for
(2023) both electrodes to address the issues of limited plate stripping rates and

dendrite growth in lithium metal anodes [7]. They observed six times more
energy transfer than state-of-the-art batteries that can potentially last for
3,700 charge cycles.

Kim et al. (2020) Proposed two methods to ensure that the solid electrolyte material
distributed evenly within the porous structure of the electrode [22].
Discovered that infiltration of the solid electrolyte into the electrode
improved at higher processing temperatures, particularly above the boiling
point of ethanol, due to the solvent vaporizing. Found that mixing active
materials of different particle sizes helped fill the capillary pores in the
electrode, resulting in a denser structure. Achieved initial discharge
capacity of 177 mAh/g.

Tan et al. (2019) Developed a solid-state zinc-air battery by electroplating a zinc anode onto
carbon paper to improve electron flow [56]. The cathode was oxygen from
air, which increased the theoretical energy density. The prototype achieved

a 30 mAh/g discharge capacity.
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Kuang et al. (2019)  Reviewed the principles, challenges, and potential of thick electrodes that
can store more active materials and fewer inactive components to achieve
higher energy density without fundamentally altering the battery chemistry
[18].

Wang et al. (2018) Utilized a molecular layer deposition method to develop an inorganic-
organic hybrid interlayer (alucone) at the interface between the Li metal
anode and the solid electrolyte [39]. The alucone served as an artificial SEI
to suppress unwanted reactions at the interface by blocking electron
transport. The battery achieved a high initial capacity of 120 mAh/g and a
retention capacity of 60 mAh/g after 150 cycles.

Wu et al. (2016) Reviewed problems and solutions to the interfacial issues between
electrodes and electrolytes of different types [13]. They concluded that
despite the progress made in developing solid electrolytes, significant
challenges remain in forming intimate contact at its anode and cathode

interfaces.

Table 4. A sample of specific developments focused on cathode electrodes.

Source Key findings and/or contributions
Huangetal. = Reviewed common failure issues in both polycrystal and single-crystal cathode
(2024) structures [37]. Outlined strategies for improving single-crystal nickel-rich

layered cathode materials, including synthesis regulation, element doping, and
surface-interface modification. Explored the connection between structural
design and electrochemical performance.

Razali et al. Reviewed developments in solid state electrolytes (ceramic, polymer, soft
(2023) sulfur-based, and their hybrid combinations) and concluded that lithium
dendrite growth remains the key bottleneck in SSB development [6].

Li et al. (2021) Tackled the problem that although nickel rich cathodes exhibit high energy
storage capacity, they have low cycling stability. Found that coating the NMC
cathode material with nanoscale polycrystalline particles of a solid electrolyte
improved ionic conductivity, reduced unwanted reactions during cycling, and
stabilized the interface with the solid electrolyte [57]. The battery retained 80%

of its capacity after 400 cycles at a moderate charging rate.

Wu et al. Reviewed advancements in cathode-electrolyte interface formation in situ by
(2021) conventional carbonate-based, fluorinated, concentrated, and solid-state
electrolytes to improve thermal stability [58].
Pimlott et al. Reviewed the state-of-the-art in lithium-based materials for cathode materials,
(2021) highlighting their challenges and opportunities [17].

Table 5. A sample of specific developments focused on anode electrodes.

Source Key findings and/or contributions
Liu et al. Surveyed the opportunities of silicon-based anode due to their abundance and
(2023) ability to store much more lithium ions than carbon by forming alloys with

lithium [19]. Found that silicon-based nanostructures or composite materials
with higher structural stability can tackle the issue of anode failure due to
silicon’s volume expansion during cycling. However, these approaches
introduce a myriad of other challenges.
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Choi et al. Used a roll pressing method to yield the in-situ formation of an intermetallic
(2021) layer of silver-lithium alloy that mitigated uneven lithium deposition [31]. This
approach enhanced the stability of the electrolyte (LicPSsCl) interface with the
anode. They achieved 94.3% capacity retention after 140 cycles of high current
rates. They reported that cells without the silver layer short circuited after only

30 cycles.
Lee et al. Utilized a silver-carbon nanocomposite layer to improve the uniformity of
(2020) lithium deposition by forming a silver-lithium alloy during cycling [59]. This

resulted in dense and uniform lithium deposits that enhanced stability over
1,000 cycles. The carbon component acted as a mechanical support and
separator, suppressing lithium dendrites penetration into the solid electrolyte.
Xu et al. (2021) Used an electrolyte additive (potassium perfluorohexyl sulfonate) to form a
stable SEI layer that protects the battery during lithium plating and stripping at
the anode [60].
Keles et al. Used a magnetron sputtering process to create a superlattice structured anode
(2020) film comprised of alternating layers of silicon, molybdenum, and copper [61].
The alternating layers distributed the stress from silicon’s expansion evenly
across the material, preventing damage. Achieved stable performance and
maintained capacity over 150 cycles.
Park et al. Found that chemical attachments to carbon (functional groups like hydroxyl
(2019) creating oxygen and hydrogen bonds) can participate in unwanted reactions at
the solid electrolyte interface, leading to insulating byproducts that increase
internal resistance [62]. Developed a graphitized hollow nanocarbon with fewer
functional groups that reduced side reactions.
Sun et al. Explored the research directions for spinet (Li«TisO12) anodes based on their
(2015) promise of good performance, ease of fabrication, and low cost [63].

Architecture Research

Table 6 is a summary of recent key developments in SSB architectural research. This domain
covered innovations in battery structure, materials, and performance. Architectural advancements
aim to address challenges such as scalability, mechanical stability, fast charging, and the integration
of novel materials into battery cell, module, and pack designs.

Table 6. A sample of specific developments in architecture research.

Source Key findings and/or contributions
Kazyak et al. (2024)  Summarized recent progress and ongoing challenges in developing SSBs,
emphasizing the need for scalable and sustainable processing of battery
components [64].
Sharma et al. (2024) Reviewed anode-free arrangements through a bipolar architecture [29].
Kumar et al. (2024)  Reviewed trends in using nanoscale technologies to make various electric
vehicle parts, including battery materials that employ nanotubes,
graphene, and metal oxides [16].
Chaudhary et al. Demonstrated a structural LIB with the electrodes made of carbon fiber
(2024) material [65]. They coated the cathode with lithium iron phosphate
(LiFePOs) and used lithium bis (trifluoro methane) sulfonamide (LiTFSI)
dissolved in ethyl-methylimidazolium tetrafluoroborate for the solid
electrolyte. The prototype exhibited 30 Wh/kg, cyclic stability up to 1,000
cycles with just under 100% Coulombic efficiency, and elastic modulus of
76 GPa.
Lee et al. (2024) Reviewed the inherent challenges in cell chemistries within lithium-sulfur
based SSBs, aiming to inspire the battery community to advance this
technology toward practical applications [9].
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Iyer et al. (2024) Developed a structural sodium-ion battery by sandwiching a glass fiber

between thin solid-state poly(ethylene oxide)-based composite electrolyte
layers [43]. This approach yielded a high-tensile-strength structural

electrolyte. They formed the structural cathode by heat pressing carbon

fibers against the structural electrolyte. The resulting structural battery

had a tensile strength of just under 41 MPa. It provided a typical energy

density of 23 Wh/kg, 4.5 volts, ionic conductivity of 1.02x10 S/cm at 60
degrees Celsius, 500 cycles of lifetime, and retained 80% capacity until 225

cycles.

Ma et al. (2023) Reviewed issues that impede fast charging of SSBs [38]. These included

low ionic and electronic conductivities in solid-state electrolytes (SSEs),
electrode/electrolyte interfacial resistances, and mechanical instabilities at

high currents.

Whang et al. (2023) Explored the opportunity space for transition metal sulfide conversion
chemistries for stationary energy storage applications [66].

Li et al. (2022) Proposed a bipolar stacking of two solid-state cells by forming a non-
flammable gel (ionogel) between solid particles [67].

Fu et al. (2022) Proposed a structural battery based on modified fiber metal laminates
with added energy storage capability [68]. Metal sheets supporting the

battery core served the dual purpose of resisting impact and conducting
electricity. Demonstrated a prototype car frame with 11 mAh capacity.

Xu et al. (2019) Developed a catalyst and membrane that significantly improved the
performance of rechargeable solid-state zinc-air batteries [23]. They used a
hydrothermal process (water at high temperature and pressure) to create
the hybrid material by combining cobalt oxide (Co3Os) anchored on
manganese oxide (MnO2), mixed with carbon nanotubes. The hybrid
structure and interaction between the cobalt and manganese oxides better
catalyzed the chemical reactions with oxygen.

Yamamoto et al. Proposed a binder-free sheet-type battery construction by using removable
(2018) volatile poly(propylene carbonate)-based binders [69]. Achieved a 2.6-fold
increase in energy density over previously reported sheet-type batteries.
Yi et al. (2017) Reviewed the development of polymer electrolytes for lithium-air batteries
[54].

The focus is often on improving the energy density, structural integrity, and overall efficiency
of batteries through innovative design concepts like bipolar stacking, nanoscale materials, and
structural batteries.

4.3.3. Performance Evaluation

Performance evaluation plays a critical role in advancing SSB technology by identifying key
limitations and areas for improvement. Researchers utilize various techniques to analyze battery
performance, focusing on factors such as ionic conductivity, interfacial stability, structural integrity,
and thermal management. These evaluations help to address challenges in battery degradation,
mechanical stress, and heat dissipation, all of which are crucial for optimizing SSB efficiency and
longevity. Table 7 is a summary of recent key findings in SSB performance evaluations.

Table 7. A sample of key findings in performance evaluation.

Source Key findings and/or contributions

Yang et al. The SSB evaluated has a higher internal resistance than LIB, causing it to generate
(2024) more heat, thus requiring a more capable thermal management system [3].
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Yang et al. Developed a micro heat pipe array with air cooling to improve thermal
(2024) management at the SSB pack level [41].
Cao et al. Advocated for using a neuron imaging technique to visualize SSB operation and
(2023) evaluate issues such as interfacial compatibility, reaction mechanisms, structural
stability, ion transport constraints, and lithium dendrite inhibition [4].
Singh et al. Utilized in-situ electrochemical scanning electron microscopy to examine the
(2023) degradation mechanism at the anode interface between lithium metal and a solid
electrolyte (LisPSsCl) during battery operation. They found that a nanocrystalline
structure of lithium can help create a stable interface by allowing for a specific
type of deformation (Coble creep) and uniform removal of lithium [28]. Also,
they found that flaw-free surfaces can support high currents of more than 150
mA per square-centimeter.
Yang et al. Reviewed the literature on ionic conductivity in SSB and concluded that some
(2022) strategies for improvement include doping, defect engineering, microstructure
tuning, and interface modification [32].
Yoon et al. Evaluated the solid electrolyte LisPSsCl and found that it is vulnerable to
(2022) elevated-temperature storage as low as 70 degrees Celsius [70].

Li et al. (2022)

Summarized experimental observations and modeling efforts to understand the
factors influencing LIB cell degradation due to mechanical origins, structural
changes, and electrochemical changes to forecast the evolution of SSB
performance [67].

Guo et al. Investigated the electrochemistry of lithium-selenium SSBs at different
(2022) temperatures using in-situ transmission electron microscopy equipped with a
microelectromechanical systems heating device [71]. They found that lithium-ion
conductivity and not electronic conductivity dictates the performance of this
battery type.
Pasta et al. Highlighted that the main challenges in developing SSBs lie in the interfaces
(2020) between electrolytes and electrodes, mechanical properties of the device, and
scalability of processing, rather than in the ionic conductivity of solid electrolytes
[46].
Zhangetal.  Utilized in-situ electrochemical impedance and Raman spectroscopy to study the
(2019) degradation mechanisms in SSBs [72]. They found that lithium-ion migration is a
significant cause of interfacial reactions that deteriorate the interfacial structure
and electrochemical performance.
Gutierrez- Compared the performance of ceramic and polymer-ceramic composite
Pardo et al. electrolytes without coating to improve interfacial contacts with the electrodes
(2018) [73]. They found that the composite electrolyte performed better at 70 degrees

Celsius due to its enhanced interfacial contact.

4.3.4. Multidisciplinary Reviews

Multidisciplinary reviews play a crucial role in providing a holistic perspective on the
technological, economic, and environmental aspects of SSBs in contrast to LIBs. These reviews not
only covered the advancements in battery technology but also assessed the broader market trends,
regulatory impacts, and recycling challenges, offering valuable insights into the future direction of
the industry. Table 8 highlights key findings from relevant multidisciplinary reviews, particularly
focusing on the intersection of technology development, market forces, and environmental concerns.

Table 8. A sample of key findings in multidisciplinary reviews.

Key findings and/or contributions
Explored the challenges, technologies, and concepts for recycling SSBs
relative to LIBs [5].

Source
Wu et al. (2023)
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Boretti (2022) Reviewed the battery market and found that despite significant
technological improvements, environmental concerns rather than economics
have been driving the shift to battery electric vehicles [74].

Neumann et al. Explored current practices in recycling, including material collection,
(2022) sorting, transportation, handling, regulations, and new battery directive
demands to predict challenges in recycling future SSBs [75].
Bajolle et al. Forecasted LIB price trends for scenarios ranging from rapid price
(2022) stabilization due to insufficient raw material supply to market disruption by

the introduction of SSBs [1].
Fichtner (2021) Reviewed trends in LIB storage capacity and price reduction [2]. Found that
only a fraction of the overall improvement was due to better chemical
compositions. Predicted that further improvements will be due to
innovations in cell-to-pack and cell-to-chassis designs, allowing for the

replacement of less sustainable, albeit more energy dense, cobalt-based
active materials with more earth abundant and lower-cost materials such as
LiFePOu.

Ball et al. (2020)  Reviewed the changing requirements for active materials in automotive LIB

applications, anticipating responses from science and industry [76].

Ding et al. (2019) Discussed recent advances and challenges of electric vehicles, focusing on
resources of critical elements, EV market evolution, and LIB cost and
performance [77].

5. Discussion

LIBs, widely used in portable electronics and electric vehicles, owe their efficiency and
popularity to the advancement in cathode materials. These materials have allowed for higher energy
density compared with other battery systems. Three main categories of oxide cathodes have driven
the progress of modern LIBs: layered oxides, spinel oxides, and polyanion oxides [10]. Layered oxides
(e.g., LiCoOz) are known for their high voltage close to 4 V and fast charge/discharge rates. Despite
their structural stability and high conductivity, they have low capacities and utilize expensive,
resource constrained materials like cobalt. Spinel oxides (e.g., LiMn20s) offer cost advantages and
higher thermal stability. However, they suffer from issues like Mn dissolution, which affects long-
term cycling performance. Polyanion oxides (e.g., LiFePOs) offer improved safety and thermal
stability at the cost of lower energy density. Their potential lies in the tunability of operating voltage
through various chemistries, like phosphates and sulfates.

This literature review found that research has focused on developing low-cost, high-energy
cathodes that maintain performance over long cycling periods. Hence, the industry must continue to
explore novel chemistries and improve manufacturing processes for large-scale applications like
electric vehicles and grid storage. As environmental sustainability becomes a priority, finding
solutions to minimize the use of cobalt and other scarce materials will be critical. The next subsections
discuss the specific developments summarized in the tables in the results section.

5.1. Electrolyte Engineering

Advancements in electrolyte engineering for SSBs have centered on enhancing ionic
conductivity, mechanical stability, and compatibility with electrodes through innovative material
design and processing techniques. A prominent strategy involves creating composite electrolytes that
synergistically combine different materials to optimize performance. For example, Thomas et al.
(2024) engineered a nanocomposite gel electrolyte by exfoliating kaolinite into nanoplatelets and
integrating them with a succinonitrile liquid electrolyte, achieving high ionic conductivity and
thermal stability beyond 100°C [49]. Similarly, Martinez et al. (2019) [52] and Yi et al. (2017) [54]
developed hybrid polymer-ceramic electrolytes, blending polymers with ceramic materials to
improve ionic transport and mechanical properties, demonstrating efficient interfacial contact and
substantial energy densities.
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Another approach focused on doping and modifying solid electrolytes to tailor ionic pathways
and enhance mechanical properties. Zhu et al. (2024) doped LATP ceramic electrolytes with zinc,
strengthening mechanical attributes while optimizing lithium-ion channels, leading to 180 cycles of
battery life [48]. Li et al. (2023) utilized a halide solid electrolyte (LisInCls) to create supersonic
conducting grain boundaries, reducing ion-hopping energy barriers and suppressing dendrite
growth, which resulted in 2,000 cycles and 93.7% capacity retention [30]. Zhang et al. (2023)
developed a dual-halogen solid electrolyte (LisYCle), significantly increasing ionic conductivity and
retaining 80% capacity after 1,000 cycles at low temperatures [50].

Innovation in electrolyte materials was also evident in the development of novel organic and
inorganic compounds. Lee et al. (2023) introduced an organic solid electrolyte based on a diethylene
glycol-modified pyridinium covalent organic framework, achieving high ionic conductivity and
effective dendrite suppression [27]. Choi et al. (2024) synthesized a solid electrolyte through a novel
separation process, post high-energy ball milling, enhancing ionic conductivity and lithium metal
compatibility at room temperature [47]. Swathi et al. (2023) incorporated calcium hydroxide
nanofillers derived from natural seashells into a polymer electrolyte, improving ionic conductivity
and highlighting a trend toward utilizing abundant natural resources [34].

Comprehensive reviews by Ha et al. (2022) [51] and Lau et al. (2018) [53] on sulfide-based solid
electrolytes highlight ongoing challenges and opportunities in wet chemical synthesis and material
optimization. Collectively, these studies highlight a trend toward multifunctional electrolyte
materials that address key challenges such as enhancing ionic conductivity, mechanical robustness,
dendrite suppression, and compatibility with various electrode materials, moving closer to the
realization of high-performance solid-state batteries.

5.2. Electrode Engineering

Advancements in electrode engineering for SSBs have primarily targeted enhancing interfacial
contact, mechanical stability, and energy density through innovative material design and interface
optimization. A central theme involved improving the electrode-electrolyte interface to reduce
internal resistance and facilitate efficient ionic and electronic transport. Mills et al. (2024) optimized
the molecular weight of binders in flexible, durable solid-state electrodes to achieve structural
integrity and low grain boundary resistance, resulting in an impressive energy density of 500 Wh/kg
[14]. Similarly, Hayakawa et al. (2023) enhanced contact between electrode materials and solid
electrolytes by coating them with conductive additives like acetylene black and vapor-grown carbon
fiber, effectively reducing internal resistance [8].

Material modifications have been pivotal in addressing challenges such as dendrite formation
and mechanical degradation. Alexander et al. (2023) introduced a single-phase mixed ion- and
electron-conducting garnet for both electrodes, significantly increasing energy transfer and
potentially extending battery life to 3,700 charge cycles [7]. To suppress dendrite growth and ensure
uniform lithium deposition, Choi et al. (2021) [31] and Lee et al. (2020) [59] incorporated silver-based
interlayers and nanocomposite layers, respectively, which formed silver-lithium alloys during
cycling. These strategies resulted in enhanced stability over numerous cycles, with Lee et al.
achieving stability over 1,000 cycles.

Efforts to increase energy density have also led to the exploration of thick electrode designs and
silicon-based anodes. Kuang et al. (2019) reviewed the potential of thick electrodes to store more
active material while reducing inactive components, aiming for higher energy densities without
altering battery chemistry [18]. Mills et al. (2024) applied this concept by developing thick electrodes
that maintained flexibility and durability [14]. On the anode front, Liu et al. (2023) surveyed silicon-
based anodes, highlighting their high lithium storage capacity due to alloy formation [19]. However,
silicon’s volume expansion poses challenges. Keles et al. (2020) addressed this by creating
superlattice-structured anode films with alternating layers of silicon, molybdenum, and copper,
which distributed stress evenly and prevented damage, maintaining a capacity of over 150 cycles
[61].
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Cathode engineering has also seen significant advancements through surface modifications and
interface engineering to enhance performance and stability. Li et al. (2021) improved nickel-rich
cathodes by coating them with nanoscale solid electrolyte particles, enhancing ionic conductivity and
stabilizing the interface, resulting in 80% capacity retention after 400 cycles [57]. Huang et al. (2024)
outlined strategies for improving single-crystal nickel-rich layered cathode materials, including
element doping and surface-interface modification, linking structural design to electrochemical
performance [37].

Overall, the research trends in electrode engineering emphasize the critical role of interface
optimization, material innovations, and structural design to overcome challenges inherent to SSBs.
These collective advancements contribute to enhanced battery performance, safety, and longevity,
moving the technology closer to practical, high-energy-density applications.

5.3. Architecture Research

Advancements in solid-state battery (55B) architecture have increasingly focused on integrating
multifunctional materials and innovative designs to enhance performance, scalability, and
sustainability. A notable trend is the development of structural batteries that combine energy storage
with mechanical functions, aiming to reduce overall system weight and improve efficiency.
Chaudhary et al. (2024) demonstrated a structural LIB using carbon fiber electrodes coated with
LiFePOs, achieving 30 Wh/kg energy density, high cyclic stability up to 1,000 cycles, and an elastic
modulus of 76 GPa [65]. Similarly, Iyer et al. (2024) developed a structural sodium-ion battery by
incorporating glass fiber within a solid-state composite electrolyte based on polyethylene oxide,
resulting in a high-tensile-strength electrolyte and an energy density of 23 Wh/kg [43]. Fu et al. (2022)
proposed a structural battery based on modified fiber metal laminates, where metal sheets serve dual
roles of impact resistance and electrical conduction, exemplifying the multifunctional approach [68].

Researchers also explored innovative architectural designs to address inherent challenges in
SSBs. Sharma et al. (2024) reviewed anode-free configurations utilizing bipolar architectures, which
can simplify battery design and potentially enhance energy density [29]. Li et al. (2022) proposed
bipolar stacking of solid-state cells using a non-flammable ionogel between solid particles, aiming to
improve safety and performance [67]. Yamamoto et al. (2018) introduced a binder-free sheet-type
battery construction employing removable volatile binders based on polypropylene carbonate,
achieving a 2.6-fold increase in energy density over previous designs, highlighting the benefits of
architectural innovation [69].

The application of nanotechnology and advanced materials is another prominent theme. Kumar
et al. (2024) reviewed the use of nanoscale technologies in electric vehicle components, including
battery materials incorporating nanotubes, graphene, and metal oxides, which can enhance
conductivity and structural properties [16]. Xu et al. (2019) developed a catalyst and membrane for
zinc-air batteries using a hybrid of cobalt and manganese oxides anchored on carbon nanotubes,
significantly improving catalytic activity and battery performance [23].

Comprehensive reviews by Kazyak et al. (2024) [64], Ma et al. (2023) [38], and Lee et al. (2024)
[9] have identified ongoing challenges such as scalability, interfacial resistances, and mechanical
instabilities at high currents. These works emphasize the need for sustainable processing methods
and highlight areas where further research is critical. The exploration of alternative chemistries, as
discussed by Whang et al. (2023) in the context of transition metal sulfide conversion for stationary
energy storage, indicates a broadening of research efforts to find suitable materials and designs for
various applications [66].

Overall, architectural research in solid-state batteries is trending toward integrating
multifunctional materials, innovative designs, and nanotechnology to overcome current limitations.
The focus on structural batteries and novel architectures highlights a holistic approach to battery
development, simultaneously optimizing mechanical properties and energy storage capabilities.
These advancements represent essential steps toward realizing SSBs that are not only high
performing but also scalable and adaptable to diverse applications.
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5.4. Performance Evaluation

Advancements in SSB performance evaluations have primarily focused on understanding and
mitigating factors that limit their efficiency, safety, and longevity. A significant area of research
addressed the thermal management challenges posed by the higher internal resistance of SSBs
compared with traditional LIBs. Yang et al. (2024) highlighted that this increased resistance leads to
greater heat generation, necessitating more capable thermal management systems [3]. To tackle this
issue, Yang et al. (2024) developed a micro heat pipe array with air cooling at the battery pack level,
effectively enhancing thermal regulation [41].

Another critical focus was the investigation of interfacial degradation mechanisms between solid
electrolytes and electrodes, which are pivotal for battery performance and stability. Advanced
characterization techniques have been employed to gain insights into these interfacial phenomena.
Singh et al. (2023) used in-situ electrochemical scanning electron microscopy to examine the anode
interface between lithium metal and a solid electrolyte (LicPSsCl) [28]. They discovered that a
nanocrystalline lithium structure facilitates a stable interface through Coble creep deformation and
supports high currents exceeding 150 mA/cm?. Similarly, Zhang et al. (2019) utilized in-situ
electrochemical impedance and Raman spectroscopy to reveal that lithium-ion migration
significantly contributes to interfacial reactions that deteriorate electrochemical performance [72].

Researchers have advocated characterization methods like neutron imaging and in-situ
transmission electron microscopy (TEM) to visualize and understand internal processes within SSBs.
Cao et al. (2023) promoted neutron imaging to assess interfacial compatibility, reaction mechanisms,
and structural stability [4]. Guo et al. (2022) employed in-situ TEM with a heating device to determine
that lithium-ion conductivity, rather than electronic conductivity, dictates the performance of
lithium-selenium SSBs at varying temperatures [71].

Efforts to enhance ionic conductivity and interfacial contact through material engineering have
also been prominent. Yang et al. (2022) reviewed strategies such as doping, defect engineering,
microstructure tuning, and interface modification to improve ionic conductivity in SSBs [32].
Gutierrez-Pardo et al. (2018) compared ceramic and polymer-ceramic composite electrolytes, finding
that the composite performed better at elevated temperatures due to enhanced interfacial contact
without the need for coatings [73].

Additionally, studies have identified vulnerabilities of certain solid electrolytes to temperature-
induced degradation. Yoon et al. (2022) evaluated LisPSsCl and found it susceptible to degradation
at temperatures as low as 70°C, emphasizing the need for thermally stable electrolyte materials [70].
Li et al. (2022) summarized experimental observations and modeling efforts to understand factors
influencing cell degradation, including mechanical origins and structural changes, to forecast the
evolution of SSB performance [67].

Collectively, these studies highlight the importance of thermal management, interface stability,
and material optimization in advancing SSB technology. The utilization of advanced in-situ
characterization techniques has been instrumental in uncovering underlying mechanisms affecting
battery performance, guiding the development of strategies to enhance efficiency and longevity. The
research trends highlight a comprehensive approach to addressing thermal effects and interfacial
phenomena, which are crucial for the practical implementation of high-performance SSBs.

5.5. Multidisciplinary Review

Multidisciplinary reviews in SSB research have illuminated critical challenges and trends in
recycling, market dynamics, and material resource management that influence the future of battery
technology and electric vehicles (EVs). A significant theme involved the complexities of recycling
SSBs compared with traditional lithium-ion batteries (LIBs). Wu et al. (2023) [5] and Neumann et al.
(2022) [75] explored these challenges, emphasizing that existing recycling practices—including
material collection, sorting, transportation, and regulatory compliance—must adapt to accommodate
the unique properties of solid electrolytes and evolving battery chemistries. These studies underscore
the necessity for developing efficient recycling processes to ensure the sustainable integration of SSBs
into the market.
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Market trends and economic drivers form another critical focus area. Boretti (2022) observed that
environmental concerns, rather than purely economic factors, are propelling the shift toward battery
EVs [74]. This suggests that policy interventions and consumer awareness are pivotal in driving
market adoption. Bajolle et al. (2022) forecasted LIB price trends under various scenarios,
highlighting the potential for rapid price stabilization due to raw material supply constraints or
market disruption through the introduction of SSBs [1]. Fichtner (2021) analyzed trends in LIB storage
capacity and cost reductions, noting that only a fraction of improvements stem from better chemical
compositions [2]. The reviews increasingly attributed advancements to innovations in battery
architecture, such as cell-to-pack and cell-to-chassis designs, which enable the use of more abundant
and lower-cost materials like lithium iron phosphate (LiFePOs.) over less sustainable cobalt-based
compounds.

Researchers have thoroughly reviewed the evolving requirements for active battery materials
and their implications. Ball et al. (2020) discussed the changing demands for active materials in
automotive LIB applications, anticipating industry responses to these shifts [76]. Ding et al. (2019)
focused on the challenges related to critical element resources, the evolution of the EV market, and
the associated LIB costs and performance [77]. These studies collectively highlight the pressing need
to identify alternative materials that balance performance, cost, and environmental impact, ensuring
the sustainability of battery technologies.

Overall, these multidisciplinary reviews highlight a trend toward integrating sustainability
considerations across all facets of battery development—from recycling and resource management
to architectural innovations and market strategies. The collective insights emphasize that the future
success of SSBs and the broader adoption of EVs will depend not only on technological advancements
but also on addressing environmental, economic, and regulatory challenges to achieve long-term
viability and market penetration.

5.6. Limitations and Future Research

While this study provides a comprehensive thematic and bibliometric analysis of recent SSB
research, the author acknowledges several limitations. While the study highlights key advancements
in battery materials and architecture and their performance evaluation, it does not delve deeply into
the experimental nuances, manufacturing barriers, cost trends, and policy implications. The analysis
also primarily focuses on developments within the recent decade, which may limit the historical
perspective needed to fully contextualize the progress in SSB technology.

Future research should not only continue to explore material and interface optimization but also
address the scalability and manufacturability challenges that remain critical barriers to commercial
deployment. More targeted studies on the interplay between electrolyte-electrode interfaces and
long-term SSRB stability are necessary, as well as greater emphasis on developing cost-effective,
scalable production techniques. Enhanced diagnostic tools and deeper interdisciplinary collaboration
will be essential for overcoming these challenges and realizing the full potential of SSRBs.
Collaborative efforts across material science, engineering, and manufacturing will be essential to
drive the next wave of innovation in SSB technology.

6. Conclusions

Solid-state rechargeable batteries (SSRBs), particularly those using lithium as the charge carrier,
represent a transformative advancement in energy storage technology. They offer potential solutions
to the safety, energy density, and longevity challenges faced by conventional lithium-ion batteries.
This research has examined recent developments in SSB research through a thematic and bibliometric
analysis, focusing on key areas such as electrolyte engineering, electrode engineering, battery
architecture, and performance evaluation. The findings from these areas highlight both the progress
made and the significant challenges that remain in advancing SSRBs toward commercial viability.

In electrolyte engineering, innovations such as doping, hybrid electrolyte designs, and improved
synthesis techniques have contributed to increased ionic conductivity and thermal stability,
addressing critical limitations in solid-state electrolyte performance. The development of materials
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like LisInCls and LATP-based composites illustrates the potential for enhanced dendrite suppression
and cycle stability, marking crucial steps forward in ensuring long-term performance and safety.

Electrode engineering has also seen substantial progress, particularly in the design of flexible,
durable electrode materials that integrate better with solid electrolytes. Advances in binder
optimization, interfacial coatings, and mixed-conducting materials have demonstrated
improvements in energy transfer efficiency, cycling stability, and structural integrity. However,
achieving seamless, low-resistance interfaces between solid electrolytes and electrodes remains a key
challenge that the industry must address through further research.

The innovations in battery architecture have pushed the boundaries of what SSRBs can achieve,
with developments in bipolar stacking, nanoscale technologies, and structural batteries showcasing
the potential for scalable, high-energy-density designs. These architectural advancements aim to
improve both the mechanical strength and electrochemical performance of SSRBs, with applications
extending beyond electric vehicles to grid storage and stationary energy solutions.

Performance evaluation remains critical in identifying SSBs” practical limitations. The use of
advanced imaging and diagnostic techniques, such as neutron imaging, in situ electrochemical
microscopy, and thermal management systems, has provided valuable insights into the degradation
mechanisms, ion transport limitations, and thermal challenges faced by SSRBs. These evaluations
emphasize the need for improved thermal management systems, stable interfacial contact, and
scalable processing techniques to fully realize the potential of SSRBs. Despite these advancements,
the transition to commercially viable SSRBs requires overcoming significant material, manufacturing,
and integration hurdles. This work highlights the ongoing efforts to address these challenges through
multidisciplinary research that integrates material science, engineering, and performance evaluation.
The collaborative focus on improving solid electrolyte performance, electrode-electrolyte interfaces,
and scalable battery designs reflects the industry’s strong belief in the potential of SSBs, particularly
those using lithium to revolutionize energy storage. The ongoing focus on materials optimization,
interface stability, and scalable architecture will be critical in pushing SSBs from the lab to the market,
bringing society closer to a safer, more efficient, and sustainable energy future.
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