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Abstract: The primary goal of this review is to provide a comprehensive overview of the state-of-the-art in
solid-state batteries (SS5Bs), with a focus on recent advancements in solid electrolytes and anodes. The paper
begins with a background on the evolution from liquid electrolyte lithium-ion batteries to advanced SSBs,
highlighting their enhanced safety and energy density. It addresses the increasing demand for efficient, safe
energy storage in applications like electric vehicles and portable electronics. A major part of the paper analyzes
solid electrolytes, key to SSB technology. It classifies solid electrolytes as polymer-based, oxide-based, and
sulfide-based, discussing their distinct properties and application suitability. The review also covers
advancements in anode materials for SSBs, exploring materials like lithium metal, silicon, and intermetallic
compounds, focusing on their capacity, durability, and compatibility with solid electrolytes. It addresses
challenges in integrating these anode materials, like interface stability and lithium dendrite growth. This
review includes a discussion on the latest analytical techniques, experimental studies, and computational
models to understand and improve the anode-solid electrolyte interface. These are crucial for tackling
interfacial resistance and ensuring SSBs’ long-term stability and efficiency. Concluding, the paper suggests
future research and development directions, highlighting SSBs” potential in revolutionizing energy storage
technologies. This review serves as a vital resource for academics, researchers, and industry professionals in
advanced battery technology development. It offers a detailed overview of materials and technologies shaping
SSBs’ future, providing insights into current challenges and potential solutions in this rapidly evolving field.
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1. Introduction

1.1. Contextualizing the Shift to Solid-State Energy Storage

The development of energy storage technologies has been crucial for advancing contemporary
technological capabilities, significantly contributing to the evolution of sustainable energy systems
[1,2]. Throughout history, energy storage has undergone different phases, each marked by
innovations that progressively improved the efficiency, safety, and environmental impact of these
systems. Currently, we are observing a notable transformation in this field — a shift towards solid-
state energy storage. This transition, highlighted by the development and deployment of solid-state
batteries (SSBs), represents not only a technological advancement but also addresses the increasing
global demand for more efficient, safer, and environmentally friendly energy solutions [3-5].

This shift is driven by two primary factors. First, there is a growing recognition of the limitations
inherent to traditional energy storage systems, especially those using liquid electrolytes, such as the
used in lithium-ion batteries [6,7]. These limitations encompass concerns about safety, energy
density, and long-term stability. Second, there has been substantial progress in the field of materials
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science, offering new avenues to surmount these limitations [6]. The emergence of novel materials
and innovative fabrication techniques has been crucial in the exploration and development of solid-
state energy storage systems [5].

SSBs are at the forefront of this technological shift [8]. Contrary to their liquid-based
counterparts, SSBs use solid electrolytes, which may offer higher energy densities —a vital attribute
for applications spanning from consumer electronics to electric vehicles [5]. Additionally, the solid-
state configuration inherently reduces many safety risks associated with liquid electrolytes, such as
leakage and flammability [8]. This feature is significant in the context of large-scale energy storage
where safety is of utmost importance. Furthermore, solid electrolytes could enable the use of more
chemically stable and durable electrode materials, thereby enhancing the lifespan and efficiency of
the batteries [9].

In this review, our goal is to emphasize the transition from liquid-based systems to solid-state
ones, outlining the technological and scientific developments that have driven this change. We will
explore key factors prompting this shift, including the growing need for more efficient energy storage
across various sectors, the limitations of existing technologies, and the advancements in materials
science enabling this evolution. While this review covers a broad range of complex systems, our aim
is to provide a thorough understanding of the paradigm shift in energy storage technologies. We
focus on the most pertinent concepts and lay the groundwork for discussing the materials and
mechanisms that shape the current and future landscape of solid-state energy storage systems.

1.2. The Constraints of Liquid Electrolyte Lithium-Ion Batteries

In the changing landscape of energy storage technologies, liquid electrolyte lithium-ion batteries
(LE-LIB) have become the predominant choice, powering everything from portable electronic devices
to electric vehicles [10]. Their widespread adoption can be attributed to their high energy density,
relatively good cycle life, and decreasing cost due to economies of scale [11]. However, as we venture
into an era where the demands on energy storage are more stringent, the limitations of LE-LIBs
become increasingly pronounced [9,10]. The constraints of LE-LIBs are multifaceted, encompassing
safety, performance, and environmental concerns. The liquid organic electrolytes used in these
batteries are flammable, posing significant safety risks such as thermal runaway —a condition where
the battery’s internal temperature and pressure rise to the point of combustion [12]. This risk is
exacerbated by the potential for dendrite formation during the charging process, which can lead to
short circuits and, consequently, fires or explosions [12,13]. Performance limitations also present a
considerable challenge. The ionic conductivity of liquid electrolytes is highly temperature-
dependent, which can result in reduced battery performance in extreme temperature conditions [10].
At low temperatures, the increased viscosity of the electrolyte can lead to a marked decrease in
conductivity, while high temperatures can cause the electrolyte to degrade [10]. This degradation not
only impairs the battery’s performance over time but also limits its lifespan. Moreover, the reliance
on liquid electrolytes restricts the choice of electrode materials to those that are stable within the
electrolyte’s operating window. This limitation hinders the development of high-voltage cathodes
and anodes that could potentially increase the energy density of the battery [14,15]. The compatibility
of the electrolyte with the electrode material is a critical factor in the stability and capacity retention
of the battery, and finding suitable combinations of materials remains a significant challenge.

The environmental impact of LE-LIBs is another area of concern [16]. The extraction of lithium,
cobalt, and other raw materials has substantial environmental and social implications [17].
Additionally, the liquid electrolytes often contain volatile organic compounds (VOCs), which have a
high global warming potential and can present health hazards if not handled properly [16]. The end-
of-life disposal of LE-LIBs poses further environmental challenges, as the recycling processes for
these batteries are not yet fully sustainable or economical [16].

In light of these constraints, there is a growing interest in alternative energy storage materials
and technologies that can overcome the limitations of LE-LIBs. SSBs emerge as a promising candidate,
offering the potential for higher safety, improved performance across a wider temperature range, and
better environmental compatibility [18,19]. The transition to solid-state electrolytes in SSBs could
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enable the use of more reactive electrode materials, further increasing the energy density and
expanding the operating voltage window [20].

1.3. Advancements and Concepts of Solid-State Batteries (SSBs)

Solid-state batteries (SSBs) represent a significant advancement in energy storage technology,
marking a shift from liquid electrolyte systems to solid electrolytes. This change is not just a
substitution of materials but a complete re-envisioning of battery chemistry and architecture, offering
improvements in efficiency, durability, and applicability [19]. At the core of SSBs are solid electrolytes
made of ceramic, polymer, glass, or sulfide materials, facilitating lithium-ion transport between the
anode and cathode without the risks associated with liquid electrolytes, such as volatility and
combustibility [19]. This solid medium not only enhances safety but also allows for the use of lithium
metal as an anode, offering a higher theoretical capacity and a stable interface that prevents dendritic
growth [21].

The solid-state design of SSBs leads to a reduction in the total weight and volume of the battery,
eliminating the need for certain safety features required in liquid electrolyte lithium-ion batteries (LE-
LIBs), such as separators and thermal management systems [4,19]. This compactness is particularly
beneficial for electric vehicles (EVs), where space and weight savings are crucial. Additionally, solid
electrolytes in SSBs are more stable and degrade less under cycling conditions, contributing to a
longer lifespan and slower decline in battery capacity over time [9]. Research in this field has led to
the discovery of materials with exceptional ionic conductivities, rivaling or surpassing those of liquid
counterparts [9].

The manufacturing processes for SSBs have also evolved, with new techniques ensuring
uniformity and quality in large-scale production [22,23]. This scalability is vital as the demand for
advanced energy storage systems increases with global electrification efforts [24,25]. In terms of
sustainability, SSBs have a more environmentally friendly lifecycle, with solid components being
generally more stable, less reactive, and potentially less hazardous than the volatile organic
compounds in liquid electrolytes [27-29].

The fundamental principle of SSBs lies in replacing the conventional liquid electrolyte with a
solid one, transforming the battery’s structure for enhanced performance and safety [28]. The solid
electrolyte functions similarly to its liquid counterpart in traditional batteries but is made from non-
flammable materials that facilitate ionic conduction while preventing short-circuiting [28]. The
interaction between the solid electrolyte and electrodes is crucial, as any incompatibility can lead to
increased resistance and decreased performance [29]. The possibility of using lithium metal as an
anode in SSBs mitigates risks associated with dendrite formation and unlocks the potential for higher
energy density [21,30]. The design of SSBs also allows for a more compact and versatile form factor,
suitable for integration into various devices [21,30]. The solid electrolyte must be both ionically
conductive and mechanically robust, adding complexity to the design of SSBs [31].

In summary, the development of SSBs is a transformative leap forward, redefining the
boundaries of energy storage with an innovative and superior alternative that aligns with
contemporary and future energy requirements.

1.4. Advantages Relative to Conventional Battery Technologies

SSBs represent a new era in energy storage, bringing with them a suite of advantages over
traditional LE-LIBs. These advantages are not merely incremental improvements but rather
transformative features that redefine the capabilities of battery technology. Broadly speaking, the
main advantages could be summarized as:

Enhanced Safety: The most important advantage of SSBs is their improved safety profile. The
absence of flammable liquid electrolytes in SSBs dramatically reduces the risk of fires and explosions,
a concern that has been a lingering shadow over LE-LIBs [20]. This safety feature is particularly
crucial in applications where battery failure can have dire consequences, such as in electric vehicles
and large-scale energy storage systems.
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Increased Energy Density: SSBs offer the potential for higher energy densities compared to LE-
LIBs. This is partly due to the possibility of using lithium metal anodes, which have a higher capacity
than the graphite anodes typically used in LE-LIBs [30]. Additionally, the more compact design of
SSBs, devoid of the bulky ancillary components required for liquid electrolyte management,
contributes to an overall reduction in cell size, allowing for more efficient use of space and,
consequently, higher energy storage per unit volume [31,32].

Longer Lifespan: The solid electrolytes in SSBs are less prone to degradation compared to liquid
electrolytes, which tend to break down over time and under thermal stress [20,23]. This inherent
stability of solid electrolytes contributes to a longer lifespan for SSBs, reducing the frequency of
battery replacement and, in the long run, diminishing the environmental and economic impact of
battery disposal [33].

Operational Stability Across Temperature Extremes: SSBs demonstrate superior performance
stability across a wide range of temperatures [34]. Unlike liquid electrolytes, whose ionic conductivity
can vary significantly with temperature, solid electrolytes maintain consistent performance in both
high and low-temperature environments [18,34]. This trait enhances the reliability of SSBs in various
climatic conditions, making them suitable for a broader range of applications.

No Leakage or Drying Out: The solid-state nature of these batteries inherently eliminates the
risk of electrolyte leakage, an issue that can affect LE-LIBs and lead to reduced performance and
safety risks. Additionally, solid electrolytes do not dry out over time, a common problem in some
types of LE-LIB, especially under high temperature conditions [35].

Flexibility in Design: The absence of liquid components in SSBs offers greater flexibility in
battery design. This allows for the development of batteries in shapes and sizes that were previously
unfeasible, opening up new possibilities for the integration of batteries into a wide array of products
and devices, including wearable electronics and uniquely designed electric vehicles [36].

Environmental Sustainability: From an environmental perspective, SSBs present a more
sustainable option. The reduction in the use of toxic and volatile components, typical in liquid
electrolytes, translates to a lower environmental risk during both the production and disposal phases
[20,37]. Moreover, the longer lifespan of SSBs reduces the frequency of battery replacement, thereby
decreasing the overall environmental footprint of battery usage.

In essence, the advantages of SSBs over conventional technologies are based on their unique
construction and material properties, which confer superior safety, higher energy density, longer
service life, temperature resistance, design flexibility and environmental sustainability. These
benefits collectively position SSBs as a critical technology in the future landscape of energy storage
solutions.

1.5. Technological Hurdles in the Adoption of Solid-State Batteries

Despite the significant advantages that SSBs offer, their widespread adoption faces several
technological challenges. Overcoming these obstacles is crucial to the transition from laboratory-scale
prototypes to commercially viable products.

Interface Stability: One of the main challenges of SSBs is to achieve stable interfaces between
the solid electrolyte and the electrodes. Unlike LE-LIBs, where the liquid electrolyte can easily
conform to the electrode surfaces, in SSBs, the rigid nature of the solid electrolyte can cause poor
contact, creating high interfacial resistance [38]. This problem is exacerbated during cycling, as
volume changes across the electrodes can further degrade the interface. Ensuring a stable, low-
resistance interface is critical for efficient ion transport and overall battery performance.

Manufacturing Complexity and Scalability: SSBs production involves complex manufacturing
processes that are currently challenging to scale. Fabricating thin, defect-free layers of solid
electrolyte and ensuring perfect contact with the electrodes requires precision engineering and
control [39]. Scaling these processes to mass production while maintaining quality and consistency is
a significant obstacle that needs to be overcome for SSBs to be commercially viable.

Material Selection and Cost: Finding suitable materials for solid electrolytes that offer high ionic
conductivity, mechanical strength, and stability is a major challenge. Many of the promising solid
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electrolyte materials are expensive or difficult to synthesize in large quantities, impacting the cost-
effectiveness of SSBs [40]. Furthermore, the quest for compatible electrode materials that can work
efficiently with these solid electrolytes adds another layer of complexity [40,41].

Solid Electrolyte Brittleness: Many solid electrolytes, particularly ceramic-based ones, are
brittle, posing challenges in handling and durability. This brittleness can lead to cracks and
mechanical failure, especially under the stress of repeated loading and unloading cycles [42]. It is
crucial to develop solid electrolytes with adequate mechanical properties to withstand these stresses.

Lithium Dendrite Formation: While SSBs reduce the risk of dendrite formation compared to
LE-LIBs, it is not entirely eliminated, especially when using lithium metal anodes. The formation of
lithium dendrites can still occur, potentially leading to short-circuiting and battery failure [43].
Addressing this issue requires a deep understanding of the conditions that promote dendrite growth
and the development of strategies to mitigate it.

Thermal Management: Although SSBs are inherently safer and more stable at high
temperatures, their thermal management is still a concern, especially in high-power applications like
electric vehicles [44]. The solid electrolyte’s ability to dissipate heat is less efficient compared to liquid
electrolytes. Designing SSBs that can effectively manage heat during rapid charge-discharge cycles is
crucial for maintaining performance and ensuring longevity [44].

Limited Understanding of Solid Electrolyte Behavior: The behavior of solid electrolytes under
various conditions is not as well understood as that of liquid electrolytes [45]. The lack of
comprehensive models that accurately predict the behavior of ions in solid matrices limits the ability
to innovate and improve the performance of SSBs. Investing in fundamental research to deepen the
understanding of solid electrolytes is essential for advancing SSB technology.

In summary, while SSBs offer a promising future for energy storage, addressing these
technological obstacles is imperative for their successful market integration. These challenges span
materials science, manufacturing, and the fundamental understanding of solid-state
electrochemistry, and each requires dedicated research and innovation to overcome.

2. Solid Electrolytes: The Heart of Solid-State Batteries

The gradual shift to solid electrolytes has been influenced by the prior development of
conventional lithium (Li) batteries, which have traditionally employed liquid electrolytes. To provide
a comparison, Table 1 displays some of the most widely used electrolytes along with the most
significant characteristics of both types. Solid-state electrolytes (SSEs) are generally classified into two
main categories: organic and inorganic. The primary varieties within these categories include ceramic
oxides, sulfides, and salt-complexed polymers. Two types of hybrid categories, composite
electrolytes and solid-liquid electrolytes, are notably gaining attention in the industry. These hybrid
electrolytes, under active research and development, show substantial potential for future
commercial applications. They are particularly appealing for their potential to enhance ionic
conductivity, improve inter-electrode contact, and offer greater mechanical strength.

The attributes of solid-state electrolytes, such as ionic conductivity, stability, and ease of
processing, vary considerably across different classes, each presenting unique strengths and
limitations. The research of Liang et al. [46] on the advancements and future potential of different
solid electrolyte types for use in solid-state batteries offers a thorough insight into their
categorization. Illustrations depicting the diverse types of SEs, along with a review of their essential
properties like mechanical strength, ionic conductivity, interface compatibility, and chemical and
electrochemical stability, are shown in Figure la—c. Additionally, Figure 1d illustrates the distinct
challenges faced by each type of SSEs [46].

The range of cell designs enabling these electrolytes is as varied as the materials themselves.
Consequently, an extensive array of SSLBs is being concurrently developed in both academic and
industrial research settings. The different types of SSEs are categorized as follows:

e  Oxide Electrolytes: LIPON, NASICON and Garnet Type
e  Sulfide Electrolytes: LPS and Argyrodites
e  Polymer Electrolytes
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e  Composite Electrolytes
e  Hybrid Solid-Liquid Electrolytes

Each type of SSE is further elaborated upon in the respective sections, providing an in-depth
understanding of their unique properties and applications.

Table 1. Ionic conductivities (c) of some representative liquid and solid electrolytes. Adapted with
permission from refs. [47,48], Copyright 2018 and 2022, Elsevier.

o (S cm™)
0.6 M LiBOB in DMMP 4x103
1M LiTFSI in DMMEMP 2x103
1.0 M LiPF6 in FEC/FEMC/HFE (2:6:2 wt.) 5.1x 103
1M LiPF6 in FEC/DMC/EMC/HFPM (2:3:1:4 vol.) 85x103
Liquid Electrolytes 1M LiBOB in GBL/F-EPE (70:30 wt.) 5.5x 10
1 M LiPF6 in EC/DEC/DMC (1:1:1).5% PFPN 11.3x 103
2.2 M LiFSI in TEP 1.3x 103
3.5 M LiFSI in FEC/TFEC (3:7 vol.) 12x10°3
1.2 M LiFSI in TEP/BTFE (1:3 mol.) 1.3x 103
Perovskite, NASICON, LISICON, garnet 10-5-10-°
Li2S-P-Ss 10-8-10-
Li1oGeP2512 10
Solid Electrolytes LIPON 107
LATP, LAGP 104-10-2
PEO 10-4-10-
TFSI 10-6-10-
oy
a) ] d) & 45 =
= g LR %
. oy "4 )
Mechanical o ]
- g e Challenges w ot
b) conductivity Q stability 8 I i Volume ::::*: ss:_ m
e Anody wlm:ifny Em:r-::m‘ul “Shuttle effect” Chemical p?:?imm
; M\// e 5*&%‘5"
‘\‘/ Votage (V) vs. LIL

Interface
compatibility

Electrochemical
stability

Suifide-pased gs®

Figure 1. Comparison of SSBs using polymer (a), oxide (b), and sulfide (c) SSEs; and challenges for

SSBs depending on the SSEs used. Reprinted with permission from ref. [46], Copyright 2022, Elsevier.

2.1. Oxide Electrolytes

2.1.1. LIPON

Lithium Phosphorus Oxynitride (LiPON) represents a unique glassy phase within the category
of oxide-based solid electrolytes. Its chemical formula, denoted as LixPOyNz, adheres to the principle
of charge neutrality, with stoichiometric coefficients satisfying the equation x = 2y + 3z - 5. The initial
development of LiPON glass solid-state electrolytes dates back to the 1970s at Oak Ridge [49],

exhibiting an ionic conductivity of approximately 2 x 10® mS cm™.

The fabrication of these

amorphous LiPON glasses typically employs magnetron sputtering, utilizing a lithium
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orthophosphate target in a nitrogen plasma atmosphere. Nevertheless, the process of physical vapor
deposition for these materials is both time and energy intensive, limiting their use to thin-film
applications rather than large-format solid-state electrolytes. LiPON finds practical use in the
production of microbattery cells, often paired with a LiCoO: cathode and a lithium metal anode,
specifically for low power applications. Its implementation in larger format pouch cells is currently
impractical. The most widespread applications of LiPON in the market are in the realm of
microbatteries, such as those used in medical devices. Recent advancements have seen the production
of LiPON bulk glasses with varying nitrogen contents, achieved through the ammonolysis of LiPOs
melts [50,51]. LiPON is particularly significant in the field of thin-film solid electrolytes due to its key
characteristics. It boasts a broad electrochemical window (0-5.5 V) against lithium metal and
demonstrates electrochemical stability, enduring thousands of cycles without the formation of
lithium dendrites [52]. Furthermore, LiIPON possesses relatively high ionic conductivity (around 2 x
10 S ecm™) and extremely low electronic conductivity (approximately 8 x 10-* S cm™) at room
temperature [52]. The electrolyte is compatible with various electrode materials. Due to its
amorphous nature, LiPON benefits from isotropic conduction properties and the ability to form
mechanically stable, flexible thin films [53]. Notably, it maintains structural integrity without
cracking even under volume changes in the cathode. Other studies highlight LiPON thin films’
intriguing mechanical properties [54], particularly their resistance to microscale cracking through
densification and shear flow, enhancing their commercial appeal. On the downside, the active
loading of the cathode in these systems is around 0.5 mg cm, significantly lower than that of
commercial liquid-electrolyte lithium-ion batteries. Additionally, the production costs for thin-film
microbatteries are relatively high. However, beyond its use as a solid electrolyte, LiPON is also
gaining attention as a particle coating to stabilize high-voltage cathodes [55,56].

2.1.2. NASICON

NASICON, an acronym for “Sodium Super-Ionic Conductor,” describes a class of ceramic
materials characterized by an orthorhombic crystal structure (see Figure 2) [57] that facilitates the
easy movement of ions, particularly sodium ions. Originating from the concept of sodium-
conducting oxides, NASICON materials have evolved to encompass a wider range of ion-conducting
applications, including in solid-state batteries where sodium is replaced with lithium. During the
early 1990s, researchers began investigating NASICON-type oxides [58-60], focusing on compounds
with the formula LiixAxTi2x(POg)s (LATP), where ‘A’ represents elements such as Al, Cr, Ga, Fe, In,
La, Sc, and Y. The ionic conductivity of these materials is influenced by several factors, including the
concentrations of alkali and titanium [61], as well as grain size. Lithium salt concentration, in
particular, plays a critical role in modifying the ionic conductivity, with higher lithium salt levels up
to 20% enhancing conductivity and achieving single-phase material [62]. However, challenges arise
when there is inadequate mixing of aluminum and titanium, leading to the formation of a secondary
phase (AIPOs) which acts as a resistive layer, thereby reducing ionic conductivity [63]. Through
controlled synthesis, the morphology and grain size of these materials can be manipulated,
significantly affecting their ionic conductivity [64]. The primary focus of LATP research has been its
application in batteries with a bulk layer structure, achieving ionic conductivities of about 1 mS cm™.
A subsequent development was the discovery of Lij+AlyGer—x(POs)s (LAGP) [65], a new material in
this category. NASICON-type LATP solid-state electrolytes offer several advantages, such as
excellent stability in ambient atmospheres, which minimizes processing environmental
requirements. They exhibit the highest ionic conductivity among oxide materials and remain stable
in the presence of high-potential (5 V) cathodes. Additionally, these materials require relatively low
sintering temperatures between 600-700 °C, further reducible to below 400 °C with process
optimization [66,67].

Despite these benefits, LATP faces challenges, particularly in its interaction with lithium metal
anodes [58,68,69]. Enhancements in these solid electrolytes are focused on introducing interlayers to
mitigate interfacial impedance, prevent dendrite nucleation, and protect the electrolyte from side
reactions [61]. A potential solution involves using LAGP barrier layers to prevent direct contact with
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the lithium metal and facilitate stable redox reactions. However, LAGP’s long-term stability against
lithium metal is limited, and it incurs higher costs due to the inclusion of germanium. Compared to
garnet-type and perovskite-type oxides, NASICON-type oxides display the least thermal resistance.
Notably, in certain experimental setups, thermal runaways have been observed with LAGP and
LATP at onset temperatures around 300 °C [66,70].
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Figure 2. Schematic representation of the NasV2(POu)s crystal structure with a NASICON framework.
Reprinted with permission from ref. [57], Copyright 2014, Royal Society of Chemistry.

2.1.3. Garnet Type

Garnet-type solid electrolyte LizLasZr:012 (LLZO) is increasingly recognized as a leading
contender for use in solid-state batteries due to its high ionic conductivity and impressive
electrochemical stability. The initial studies on Li-conduction in LisLasM201 were reported in 2003
[71], demonstrating an ionic conductivity of about 10 mS cm™ at 25 °C. The development of the
electrolyte LisALa2Ta:012 (A=Sr, Ba) [72] marked a significant improvement, enhancing ionic
conductivity to 4 102mS cm™ at 22 °C and introducing a new category of garnets. Further refinement
led to the formulation of LizLasZr2012 (LLZO), with a cubic atomic structure (see Figure 3), achieving
ionic conductivities around 1 mS cm™ [73]. This advancement was underpinned by an understanding
of the fundamental transport properties of Li-diffusion paths in the material [74]. Recent
developments in LLZO research have explored the impact of varying lithium content on Li-
conduction [75], the existence of two different polymorphs of LLZO (cubic and tetragonal) [76], and
the effects of introducing dopants into the LLZO crystal structure [77]. Current efforts in LLZO garnet
development are centered on diverse doping strategies targeting the Li, La, or Zr sites, with some of
the highest conductivities recorded at approximately 1 mS cm™ at room temperature [78]. Key
benefits of garnet-type electrolytes include high Li-ion conductivity (approximately 10 S cm™ at 25
°C), abroad electrochemical stability window (around 6 V vs Li*/Li) [79], and robust chemical stability
against Li metal [80,81]. They also exhibit strong mechanical properties, with a high shear modulus
that theoretically helps prevent Li dendrite formation [82,83]. However, challenges persist with
lithium dendrite formation, often occurring along grain boundaries or within porous areas [84], and
high interfacial resistance in Li/garnet interfaces leading to uneven Li distribution [85] and weak
mechanical strength at grain boundaries [86].

Despite their advantages, garnet-type materials face several challenges [87]. The reliance on
lanthanum (La) is a concern due to its limited availability and geographic distribution. The
manufacturing process requires high sintering temperatures above 1000 °C, which leads to higher
costs and limits compatibility with some cathode active materials. The annealing process can be
particularly problematic when garnet-type materials are paired with cathode active materials due to
these high temperatures. Compared to other oxide materials, garnet-types require the highest
sintering temperatures, and efforts to lower these temperatures often result in reduced ionic
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conductivity. These challenges highlight the need for alternative materials or improved processing
methods to mitigate the limitations associated with garnet-type materials in various applications [87].

Cubic

Figure 3. Schematic diagram of the first LLZO garnet structure (a); Atomic structure of cubic
LirLasZr:012 (LLZO) (b); and the pathway of Li-ion diffusion in cubic LLZO (c). Reprinted with
permission from ref. [72], Copyright 2021, American Chemical Society.

2.2. Sulfide Electrolytes

Sulfide solid electrolytes encompass a range of compounds primarily composed of lithium and
sulfur, and can include additional elements like phosphorous, silicon, germanium, or various halides.
These materials are highly regarded in the domain of solid-state ceramic electrolytes due to their
exceptional ionic conductivity. This conductivity is often comparable to, or even surpasses, that of
traditional organic liquid electrolytes [88-91]. The standout conductivity of sulfides, relative to
oxides, is attributed to the properties of sulfur atoms. Sulfur atoms are softer and more polarizable
than oxygen atoms, leading to a reduced interaction with lithium ions and thereby increasing their
mobility. Sulfide-based electrolytic substances also boast notable malleability and ductility, beneficial
for cold-press manufacturing methods that circumvent expensive high-temperature sintering. Under
high pressure, these materials can form extremely dense layers with minimal grain boundary
resistance. This characteristic enhances electrode-electrolyte contact, reducing the formation of
lithium dendrites. Overall, sulfide-based electrolytes demonstrate promising qualities such as
effective ionic conductivity, reduced interfacial resistance with electrodes, and lower production
costs. These features position them as leading candidates in the field of inorganic solid electrolyte
materials. Noteworthy among these electrolytes are glass-ceramic lithium thiophosphate (LPS) and
Argyroditic glasses, which are explained in further detail.

2.2.1.LPS

LPS electrolytes (glass-ceramics and glasses), are derived from the binary mixture xLi2S (100-
x)P2Ss, where ‘X" represents the molar percentage [92,93]. Within this category, the 75Li2S-25P25s
composition, known as 75:25 LPS, has been extensively studied due to its superior ionic conductivity
of 0.28 mS cm™ at room temperature, and its greater thermal stability compared to other glass types
[94].

The production of LPS glass-ceramics involves the annealing of LPS glasses at specific
temperatures, leading to their partial crystallization. This crystallization process generally reduces
the Li* ion conductivity, but this can be mitigated by altering the material composition [95]. For
instance, in the Li2S-P255-P2Ss ternary system, introducing a minor amount of P2Ss into the Li2S-P2Ss
base improves the conductivity of the resultant glass-ceramics [96]. Additionally, in the binary LPS
system, superionic crystalline phases develop during the annealing of metastable compositions with
x 270. The most effective glass-ceramic is produced by crystallizing the 70:30 LPS mixture, resulting
in the formation of a LizP3S11 superionic crystalline phase with remarkably high ionic conductivity,
up to 17 mS ecm™ [93]. The Li-P-S compound group has the advantage of being synthesized at low
temperatures (below 300°C) and can be sintered at room temperature [88]. However, caution is
necessary during the synthesis and cell assembly stages due to its reactivity with air and moisture,
which can lead to the emission of toxic hydrogen sulfide (H2S) gas [97,98].
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2.2.2. Argyrodites

The initial discovery of these sulfide-based electrolytes can be traced back to the compound
Argyrodite AgsGeSe [99]. Substituting silver (Ag) with lithium (Li) led to the formation of Lithium-
based Argyrodites, specifically LisPSsX (where X represents Cl, Br, I) [99], as depicted in Figure 4.
There has been significant research and development in the field of Argyrodites. For instance, the
Chlorine variant of Argyrodite, LisPSsCl, demonstrates a lithium-ion conductivity approximately 2
mS cm™ at ambient temperature [100]. This conductivity rate can be enhanced through various
substitutions, such as in LissPS45Clis, which shows a conductivity rate of nearly 9 mS cm™ at room
temperature [101].

Argyrodites are increasingly recognized as one of the leading candidates for solid-state
electrolyte materials in commercial applications. However, key challenges include overcoming
interface resistances, poor mechanical strength, and managing decomposition at the solid electrolyte
(SSE)-electrode interface [102].

Figure 4. The crystal structure of Li-based argyrodites. Reprinted with permission from ref. [103],
Copyright 2023, John Wiley & Sons.

2.3. Polymer Electrolytes

Polymer solid electrolytes (PE) serve as a transitional technology, bridging the gap between
liquid electrolytes and solid-state alternatives. These polymers are composed of repeating units, or
monomers, forming extensive molecular chains. Each polymer-based solid electrolyte is
characterized by a polymer framework that encapsulates dissolved lithium salts, with the
electrochemical behavior governed by the polymeric chain, facilitating Li* ion movement within the
solid structure. PEs closely resemble liquid electrolytes in their semi-crystalline or completely
amorphous nature at room temperature, making them suitable for battery applications [104].

PEs are comprised of three primary components: an organic polymer matrix, lithium salt, and
various additives, including inorganic functional materials. The matrix plays a crucial role in
maintaining the structural and mechanical integrity of the electrolyte system [105]. Essential
attributes of the polymer matrix include mechanical robustness, ionic conductivity, and stability both
thermally and chemically, alongside its ability to dissolve lithium salts [106-108]. Choosing the
appropriate polymer for the matrix is vital due to the varying mechanical, thermal, and chemical
properties of different polymers. Common polymers used include polyethylene oxide (PEO),
polyvinylidene fluoride (PVDF), and polyethyleneimine (PEI) [106]. In PEO-based electrolytes, the
preferred lithium salt is LiN(CFsSO2)2, also known as LiTFSI. This salt is favored for its effectiveness
in reducing the crystallinity of PEO, thereby enhancing the ionic conductivity within the polymer-
salt matrix [109]. Important characteristics for lithium salts include low lattice energy to facilitate ion
pair separation, along with chemical and thermal stability, and cost-effectiveness. Certain novel
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lithium salts have shown conductivity greater than 1 mS cm™ when combined with PEO at ambient
temperature [110,111].

Additives in PEs are utilized to enhance mechanical properties or to inhibit the crystallization of
the polymer-salt matrix, particularly at lower temperatures, thus promoting greater ionic
conductivity. For instance, nanofillers are advantageous in increasing salt dissociation, minimizing
anion movement [112], and enhancing interface stability with the lithium anode. Active nanofillers
like y-LiAlO:z aid in lithium-ion conduction, while passive fillers such as Al2Os, SiO2, or carbon
particles have diverse roles [113,114].

Ionic liquids, molten salts with a melting point below 100 °C such as PyrxTFSI [115], show
promise in enhancing ionic conductivity, mechanical, and thermal stability in polymer-salt
complexes. Although their high cost poses a challenge for widespread use, these liquids contribute
significantly to the stability of the solid electrolyte interface (SEI) on electrodes, thus reducing gas
generation and interface area. While further optimization to reduce interfacial resistance is required,
ionic liquids are considered a promising direction for significant improvements in the performance
of polymer electrolytes in the medium term.

Efforts to improve the relatively low ionic conductivity of polyethylene at room temperature
have been extensive. Research has focused on methods like diminishing polymer crystallization by
adding inorganic fillers. Figure 5 [116] offers a concise overview of the evolution of polymer
electrolytes. Poly(ethylene oxide) [107] has been the most studied polymer in this context, due to its
ability to coordinate its multiple oxygen atoms with Li-ions, effectively facilitating ion conduction
within the matrix. Ion transport primarily occurs in PEO’s amorphous regions via the polymer chains.
These chains are crucial for both ion conductivity and the mechanical properties of the material. It
has been observed that adjusting the proportion of two different liquid crystalline monomers, each
with varying methylene chains linked to a rigid core and terminal acrylate groups, can significantly
enhance PEO’s electrochemical properties [117]. This adjustment creates efficient ion transport
channels in the porous polymer network, improving both the structural integrity and ion
conductivity.
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Figure 5. Overview of the evolution of solid polymer electrolytes over the past forty years. Reprinted
with permission from ref. [116]. Copyright 2015, Royal Society of Chemistry.

However, PEO’s high crystallinity at room temperature impedes polymer segmental motion and
Li-ion movement, leading to relatively low conductivity (approximately 10~ to 10> S cm™ at room
temperature) [118]. Additionally, the mechanical weakness of PE in its solid state is insufficient to


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

12

physically block the hazardous penetration of lithium dendrites at elevated temperatures or high
current densities, a crucial aspect for industrial or commercial applications. To overcome these
challenges, additives are employed to boost ionic conductivity and polymeric design strategies have
been explored [119] to enhance mechanical strength (see Figure 6).
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Figure 6. Synthesis of bottlebrush type polymers (a), and diagram illustrating bottlebrush polymer
electrolytes, highlighting the dual movements of Li-ions. Reprinted with permission from ref. [119].
Copyright 2023, John Wiley & Sons.

In summary, polymeric materials offer several advantageous features, including low
flammability, ease of processing, and electrochemical stability. They provide better mechanical
resilience to electrode deformation compared to liquid alternatives and allow for more flexible
interfacial contact with electrodes than other solid-state options. Despite these benefits, important
areas for improvement remain, such as increasing Li-ion conductivity (enhancing Li-ion transport
number) to counteract polarization caused by anion migration and bolstering mechanical strength to
prevent lithium metal dendrite formation.

2.4. Composite Electrolytes

Ceramic fast-ion conductors are known for their high ionic conductivities, which exceed 10+ S
cm™ [88,120]. However, they face significant challenges in processing and exhibit poor chemical and
mechanical properties at the electrode/electrolyte interfaces. These limitations pose a considerable
constraint on their practical application in battery technology. In contrast, polymer electrolytes are
advantageous due to their flexibility and ease of processing. Nonetheless, they are limited by low
ionic conductivities at room temperature, generally falling within the range of 106 to 107 S cm™ [121].
This low conductivity substantially affects their utility in battery applications.

The combination of these two elements — ceramic fast-ion conductors and polymer electrolytes
— into what is termed composite electrolytes (CEs), represents a promising approach that aims to
capitalize on the synergistic benefits of both components, effectively overcoming their individual
drawbacks [122]. By selecting the right ceramic filler and polymer, CEs can be customized to improve
their overall performance in solid-state batteries [122].

CEs can be broadly categorized into two primary types [123]: a) those composed of inorganic
nanoparticle/polymer combinations (INPC), and b) those made up of inorganic nanofiber/polymer
structures (INFPC). In the realm of INPC solid electrolytes, the incorporation of inorganic nanofillers
like SiOz, Al2Os and TiO:z into polymer matrices has been a focal point of research [124]. The rationale
behind this approach lies in the enhancement of mechanical strength, ionic conductivity, and
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interfacial stability in the resulting polymer solid electrolytes [125]. A critical element in these
composites is the role of the particle size of the inorganic fillers in influencing the electrolyte’s ionic
conductivity. It has been observed that smaller particles are more beneficial, acting as solid
plasticizers at the nanoscale [126]. This role plays a crucial part in preventing the crystallization of
the polymer matrices, thereby facilitating improved ionic transport within the composite. Moreover,
the surface area of these nanoparticles, dependent on their size and quantity, is clearly related to the
interfacial conductivity of the composites. Thus, the proportion of nanoparticles to polymer is a key
factor in adjusting the ionic conductivity of these composite electrolytes. In this context, a notable
example of INPC research is exemplified by the study conducted by Wang et al. [127]. This study was
designed to assess the impact of different nanoparticle types on the ionic conductivity of polyethylene
oxide/lithium perchlorate (PEO/LiClOs) based composite solid electrolytes. The nanoparticles
evaluated included Li1.3AlosTi17(POs)s (LATP) as an active filler, and titanium dioxide (TiO2) and silica
nanoparticles as passive fillers. The findings from this research indicated a superior cation transport
in composites containing LATP compared to those with passive fillers like TiO: or silica. Notably, in
certain scenarios, such as the composite formulated with 10 wt.% LATP nanoparticles, the ionic
conductivity achieved was remarkable, reaching 1.7 x 10#* S cm™. This study underscores the
significant role that the type of nanoparticle filler can play in enhancing the ionic conductivity of
composite solid electrolytes.

Although there has been progress in developing INPC electrolytes, their ionic conductivities are
not high enough for advanced lithium batteries that require high energy and power. A major problem
with these composites is that Li* ions have to move through many particle junctions, which slows
down their movement. In response to this challenge, a second type of composite electrolyte has
emerged, known as inorganic nanofiber/polymer composite (INFPC), which uses nanofibers instead
of nanoparticles. By incorporating a continuous network of inorganic nanofibers into the polymer
matrix, the number of junctions is significantly reduced, leading to smoother and uninterrupted
pathways for ionic transport. This not only provides steady channels for Li* ions but also prevents
the polymer from crystallizing, improving the breakdown of lithium salts and enhancing ion
movement within the composite. Liu et al. [128] successfully incorporated electrospun lithium
lanthanum titanate (LiossLaos57TiOs or LLTO) nanowires into a polyacrylonitrile (PAN)-LiClO4
polymer composite. These evenly spread LLTO nanowires created a three-dimensional network for
ion conduction within the polymer, greatly increasing ionic conductivity, which was mainly due to
the quick movement of ions along the surfaces of these ceramic nanowires. Similarly, Fu et al. [129]
created a composite with garnet-type Lis4LasZr2Alo2012 (LLZO) nanofibers and PEO. These LLZO
nanofibers, recognized for their high ionic conductivity and stability, were merged into the PEO
matrix, forming a continuous network for lithium-ion conduction, and demonstrating high ionic
conductivity.

2.5. Hybrid Solid Electrolyte-Liquid Electrolyte

In solid-state batteries, SEs are confronted with significant challenges, notably their relatively
low ionic conductivity at ambient temperatures [130]. This impediment hampers efficient ion
transport, undermining the overall performance of the battery. Compounding this issue, SEs often
struggle to maintain robust interfacial contact with electrodes [131]. This inadequate contact can lead
to increased resistance, negatively impacting battery efficiency. The interface between SEs and
electrodes is critical; poor interfacial compatibility can result in uneven current flow and localized
material degradation [131]. Additional concerns include dendrite formation, mechanical instabilities,
and chemical reactivity at the electrolyte-electrode interface [132]. Addressing these challenges, the
concept of hybrid solid-liquid electrolyte (SLE) systems emerges as a promising solution. These
systems blend the high ionic conductivity of liquid electrolytes (LEs) with the structural integrity and
safety offered by SEs. The goal is to create a synergistic effect: the liquid component mitigates
interfacial resistance, enhancing ion transport, while the solid matrix contributes to overall stability
and safety [133]. This innovative approach is anticipated to curb the issues of dendrite formation and
mechanical stability, which are prevalent in conventional electrolytes. In general, the advantages
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offered by these hybrid SLE systems are multifaceted. Incorporating a liquid component within the
solid electrolyte matrix leads to enhanced ionic conductivity, particularly beneficial at lower
temperatures, thus optimizing the battery’s performance [133]. Furthermore, this hybridization
fosters more efficient interfacial contact with the electrodes, ensuring a more consistent current
distribution and minimizing the risk of localized degradation. The mechanical robustness of these
systems also surpasses that of pure liquid electrolytes, significantly reducing the risks associated with
leakage and flammability [133]. By amalgamating the benefits of both solid and liquid electrolytes,
hybrid SLE systems stand out as a highly promising avenue for advancing the development of safer
and more effective solid-state batteries. In this regard, the study by Vivek ef al. [134] focused on how
water content and other additives affect the formation and resistance of solid-liquid electrolyte
interfaces (SLEIs) in Ohara Li2O-ALlLOs-TiO2-P20s (LATP) glass solid electrolytes and different
lithium liquid electrolytes. They found that adding water to the liquid electrolytes can significantly
lower the resistance to ion conduction at the solid/liquid interface [134]. The analysis revealed that
SLEIs are composed of a mix of inorganic and organic compounds, similar to those in solid electrolyte
interphases (SEIs). The research suggests potential benefits of using solvent additives in hybrid
electrolyte systems to reduce resistance, although the exact mechanisms behind this effect are not yet
fully understood [134]. In other study by Gupta et al. [135] the role of additives and lithium salts in
liquid electrolytes was analyzed using Ta-doped Lir-LasZr2O12 garnet oxide (LLZTO) and acetonitrile
as a solvent. The study focused on lithium salts like LiTFSI, LiBOB, and LiPFs, exposing LLZTO to
these salt solutions and monitoring the impedance. It was found that all systems displayed increasing
interfacial resistance over time, with significant variations among different salt systems [135]. Further
analysis using X-ray photoelectron spectroscopy indicated chemical reactions between LLZTO and
the salts, influencing the solid-liquid electrolyte interface (SLEI) formation. The study concluded that
the formation of SLEI is predominantly driven by the lithium salts in the LE rather than the solvent
[135]. Hatz et al. [136] investigated the stability of the sulfide superionic conductor tetra-LizSiPSs
(LiSiPS) against a range of solvents, spanning from protic polar to aprotic nonpolar types. They found
that while LiSiPS remains stable in aprotic solvents, it decomposes into oxygen-substituted
thiophosphates in water and into oxygen-substituted thioethers in alcohols [136]. The study also
revealed that LiSiPS maintained high ionic conductivity in solvents such as p-xylene, anisole, and
acetonitrile. Additionally, LiSiPS was shown to be capable of tolerate up to 800 ppm of residual water
in solvents, with anisole used to demonstrate this resilience.

In summary, hybrid solid-liquid electrolytes offer a promising approach to addressing the
issues of interfacial and cell resistance that have limited the effectiveness of solid electrolytes in
supplanting traditional liquid ones. While these hybrid systems hold potential for use in future
energy storage devices, several obstacles still need to be overcome to fully realize their applicability.
Continued research and development could significantly enhance their viability as a practical
solution.

2.6. Progress, Challenges and Prospects in Solid Electrolytes

The field of solid electrolytes has seen significant strides due to innovations in materials and
fabrication methods. Researchers have been exploring a variety of new materials, including ceramics,
polymers, and composites, for their potential in solid-state batteries. These materials offer advantages
like better stability and safety compared to traditional liquid electrolytes. Advances in fabrication
methods have also been pivotal. Techniques such as thin-film deposition, sintering, and advanced
lithography have enabled the production of solid electrolytes with improved structural integrity and
enhanced electrochemical properties. Particularly, within the realm of oxide and sulfide electrolytes,
it is only the oxide class that provides comparatively broad electrochemical stability windows,
facilitating their use with high-voltage cathodes to achieve batteries with enhanced power and energy
densities [137]. Nonetheless, oxide-based solid electrolytes encounter a trio of significant obstacles:
their inherent brittleness and suboptimal mechanical characteristics, a constrained compatibility with
prevailing cathode chemistries, and a tendency to have greater densities than other electrolyte
categories, impacting the net gravimetric energy density adversely. Notably, these solid electrolytes
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need to be fabricated as slender ion-conducting layers and as ceramic separators for electrodes in
SSBs [137]. Nevertheless, the method of thin-film growth presents serious challenges in SSBs. Planar
thin-film batteries (TFBs) are significantly constrained in terms of total capacity due to the relatively
limited electrode volume available for energy storage [138]. This limitation arises from the
impracticality of utilizing thicker electrode films to increase capacity because of kinetic constraints.
In contrast, traditional battery designs allow for an increase in electrode volume and,
correspondingly, in capacity by enhancing the overall thickness of the slurry-coated particle
composite layer [138]. This enhancement leads to an increase in the active material’s “mass-loading”.
In such designs, the electrolyte solution infiltrates the porous composite electrode layer, while an
electronic additive, like carbon black, ensures electronic connectivity throughout the electrode [138].
To enhance the storage capacity of TFBs without making the electrode films thicker, it is possible to
carry out the deposition of the battery components onto a specially structured substrate, thereby
expanding the surface area available for energy storage [138]. The design of 3D TFBs hinges on two
key factors: the area enhancement factor (AEF), which is the ratio of the 3D structure’s effective
surface area to its footprint area, and the open volume of the 3D substrate, which is the space available
for the battery stack. A higher AEF means more capacity per unit of footprint, but there’s a trade-off
with open volume, as larger open volume could reduce AEF [138]. This concept is clarified in the
diagram shown in Figure 7.
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Figure 7. TFBs (planar) and 3D TFBs properties. Reprinted with permission from ref. [138], Copyright
2019, Advanced Materials Interfaces.

Advances in thin-film techniques have been significant in recent years. Thus, in contrast to the
complexity of 3D TFB systems, Sahal et al. [139] had recently investigated the development of a novel
SSE using a perovskite-structured material: polycrystalline lithium lanthanum titanate, LiosLaosTiOs,
(LLTO). This development aimed to address the common limitations in current SSEs, especially in
terms of energy density and processability. LLTO was synthesized through a rapid, high-throughput,
open-air process, completed in just one minute [139]. The resulting material consisted of
polycrystalline LLTO, with selectively retained crystalline precursor phases, and exceptional
mechanical properties, such as flexibility and high fracture toughness. These characteristics were
attributed to the enhancement of grain boundaries and a reduction in crystallinity, resulting from the
ultrafast processing method [139].

Other advanced solid-state electrolyte (SSE) manufacturing procedures, such as sintering, have
been extensively studied in recent years. In this regard, Li et al. [140] explored the development of a
NASICON-type NasZr:Si2PO12 (NZSP) ceramic electrolyte utilizing NaBr-assisted sintering. This
process improved the electrolyte’s ionic conductivity and its compatibility with the anode,
demonstrating the effectiveness of the NaBr sintering aid in lowering sintering temperatures and
achieving a denser NZSP structure, leading to enhanced electrical performance and mechanical
strength [140]. In another study, Lin et al. [141] developed a cleaning method and a low-temperature
sintering process that allowed for the synthesis of LiossLaossTiOs (LLTO) with good ionic conductivity
and phase stability. Generally, the common element across sintering methods for SSE fabrication is
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the utilization of high temperatures. However, despite the existence of procedures that significantly
lower the treatment temperature [140,141], there is a pressing need to aim for more ambitious goals
involving substantially lower treatment temperatures [78]. Alternatively, methods that curtail
lengthy processing times are required, as extended processing can lead to severe Li loss and the
formation of secondary phases that modify the overall behavior of the material, impacting its porosity
and ionic conductivity. In this regard, Ramos et al. [142] developed an innovative ultrafast sintering
method using a CO: laser in combination with a heating stage. This technique proved effective in
rapidly densifying LissLasZr14TaosO12 (LLZTO) films, which are typically challenging to densify with
conventional furnace sintering methods. The approach was characterized by several notable aspects,
including a significant reduction in lithium loss due to the rapid sintering process, anisotropic
shrinkage behavior that considerably reduced film thickness, and a wave-like surface topology that
enabled 3D interfacial contacts with electrode materials. The LLZTO films produced through this
new procedure exhibited high density (>95%) and high conductivity (0.26 mS-cm™ at 25 °C), making
this synthesis method highly promising for future developments in SSBs.

In addition to the already described solid-state electrolyte (SSE) synthesis procedures,
nanolithography has emerged as an interesting option that has been extensively developed in recent
years. Stereolithography (SLA) uses a laser to cure photosensitive resins layer by layer, producing
parts with very high resolution [143]. However, the choice of materials is limited to those that can be
photo-crosslinked. This technique has enabled the synthesis of some SSEs, particularly solid polymer
electrolytes (SPEs), inorganic solid electrolytes (ISEs), and composite solid electrolytes (CSEs) [144—
146]. Another procedure similar to SLA is digital light processing (DLP) [147], which uses a digital
light projector to cure photosensitive resins. DLP can print faster than SLA as it cures an entire layer
at once, making it suitable for scalable production. However, like SLA, it is limited to
photopolymerizable materials. SLA and DLP methods allow for the creation of microstructures that
can enhance the performance of solid electrolytes, such as by creating shorter lithium-ion transport
paths or improving the interfacial contact between the electrolyte and the electrodes [143]. Regardless
of their complexity, these techniques could potentially become a means of custom SSE fabrication for
highly specific applications in the future.

In light of the diverse synthesis strategies for solid-state electrolytes (SSEs) discussed earlier, we
recognize a broad spectrum of approaches, each offering unique benefits and facing distinct
challenges. Some of these processes, however, confront specific hurdles such as effectively
manufacturing SSEs sensitive to air and moisture, achieving high-resolution in the manufacturing
process, and tackling various post-treatment complications. These challenges underscore the
complexity and precision required in the field of SSE manufacturing. Moreover, it is important to
note that while these advanced techniques present novel opportunities, they also bring forth issues
such as compatibility with existing materials and scalability for industrial applications. This suggests
that a one-size-fits-all approach may not be feasible, and a more tailored strategy might be necessary
for different types of SSEs. Given these considerations, a potentially promising direction could be the
integration of these modern synthesis techniques with more traditional methods. Such a hybrid
approach might combine the strengths of both advanced and conventional practices, potentially
leading to more robust, efficient, and versatile manufacturing processes. This integration could
enable the utilization of the precision and customization offered by newer methods while leveraging
the established reliability and scalability of traditional manufacturing processes. As a preliminary
reflection, this integration not only seems desirable but might also be essential in advancing the field
of SSE manufacturing towards more practical and wide-ranging applications.

In addition to experimental techniques for preparing SSEs, it is essential to emphasize the
importance of complementary tools to purely experimental approaches, such as simulation
techniques [148]. In this regard, computational chemistry stands as a pivotal tool in the realm of
material science, particularly in the advancement and development of new materials for use as solid-
state electrolytes (SSEs) [149]. This field has seen a variety of SSEs, encompassing polymers, oxides,
sulfides, and halides. Among these, sulfide-based SSEs are distinguished for their markedly higher
ionic conductivities in comparison to alternatives like organic polymers, oxides, and halides,
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positioning them as particularly promising candidates for next-generation battery technologies [150].
The role of computational chemistry extends beyond mere identification and classification of
materials. It plays a critical role in the study and simulation of the dynamical properties of these
electrolytes, which is essential for understanding and optimizing their performance [151,152]. This
involves a detailed statistical analysis of ion diffusion events within these materials. By quantifying
key parameters such as ionic diffusivity, ionic conductivity, and the activation energy barriers,
computational studies provide deep insights into the fundamental mechanisms that govern the
behavior of SSEs. Moreover, these computational approaches enable researchers to model and predict
the performance of these materials under various conditions, thus aiding in the design of more
efficient and effective electrolytes. This theoretical understanding is instrumental in guiding
experimental efforts, helping to streamline the process of material development and optimization.
Furthermore, computational chemistry facilitates the exploration of the interactions between
different components of solid-state batteries, such as the interface between the SSE and the electrodes.
Understanding these interactions is crucial for improving the overall stability and efficiency of the
batteries. In summary, computational chemistry is not just a tool for material discovery but is integral
to the comprehensive understanding and refinement of SSEs. Its applications span from the atomic-
level analysis of material properties to the practical considerations of battery design and
performance, making it an indispensable component of modern material science research in the field
of energy storage.

3. Anode Innovations in Solid-State Batteries

3.1. Importance of Anode Material in Solid-State Batteries (SSBs)

The anode in solid-state batteries (55Bs) plays a vital role in determining important performance
parameters like energy density, safety, lifespan, and the ability to support fast charging cycles. SSBs
have attracted considerable attention in the search for next-generation energy storage systems, as
they have the potential to surpass conventional lithium-ion batteries (LIBs) in terms of safety and
energy density [19]. The development of innovative anode materials is driven by the desire to
leverage the inherent advantages of SSBs, such as the elimination of flammable liquid electrolytes
and the possibility of utilizing high-capacity lithium metal anodes with a theoretical capacity of 3860
mAh g [19,153].

For SSBs, the ideal anode should demonstrate a high theoretical capacity, allowing for greater
energy storage per unit of mass. Additionally, it should have a low electrochemical potential relative
to lithium to ensure a high cell voltage, resulting in higher energy output. Excellent electronic
conductivity is crucial for efficient electron transfer during battery operation, improving the rate
capability. Structural stability is another critical attribute, as the anode material needs to withstand
volume changes during lithium intercalation and deintercalation without significant degradation,
which could otherwise shorten the battery’s lifespan [154].

Current research efforts are focused on exploring materials like silicon, tin, and various alloys,
which exhibit promising properties such as high capacity and compatibility with solid electrolytes.
However, challenges such as volume expansion and the formation of an unstable solid electrolyte
interphase (SEI) persist, demanding further innovation in material science and engineering [153].
Developing a robust SEI is particularly important in SSBs as it can prevent dendrite growth,
improving safety and enabling the use of lithium metal anodes.

Transitioning from traditional liquid electrolyte-based LIBs to SSBs with advanced anode
materials is a complex task, as the interface between the anode and solid electrolyte must remain
intact and conductive throughout the battery’s lifespan. This is essential to maintain the ion transport
properties crucial for the battery’s operation [154]. Hence, meticulous selection and optimization of
materials are necessary to ensure compatibility with the solid electrolyte and create a stable interface.
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3.2. Anode Material Selection for SSBs

In the domain of SSBs, lithium metal anodes have emerged as a primary focus, owing to their
high specific capacity and low anodic potential, as identified in reference [155]. This combination
grants them a significantly superior energy density when compared to conventional graphite anodes.
The work of Aktekin et al. [155] marks a critical advancement in this area. They introduced a novel
electrochemical method to evaluate electrolyte side reactions on active metal electrodes’ surfaces, a
key factor in incorporating lithium metal anodes into SSBs. Their innovative approach (see Figure 8),
involving an anode-free stainless steel [LisPSsCl | Li cell configuration, not only deepens our
understanding of dendritic lithium growth but also enables the examination of various electrolytes
and current collectors. These elements are essential for the stability of lithium metal anodes in SSBs.
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Figure 8. Results of the Coulometric Titration Time Analysis (CTTA) are presented. (a) The
performance of LPSCl solid electrolyte in a stainless steel | LPSCI | Li cell setup at a temperature of 25
°C and pressure approximately 13 MPa is depicted. The potential profiles during specific, zoomed-in
time intervals from an early phase (b) and a later phase (c) of the experiment are illustrated. The
durations of the constant current lithium deposition stages (i.e., lithium titration) are highlighted in
gray. The periods between each lithium deposition step represent Open Circuit Voltage (OCV) resting
states (tOCV, i). The cumulative capacity over time is graphically represented as a function of time in
(d) and as a function of the square root of time in (e). Reprinted with permission from ref. [155],
Copyright 2023, Nature Communications).

A primary challenge in using lithium metal anodes is the formation of lithium dendrites during
cycling, leading to potential short circuits and battery failure, as noted in reference [156]. This
dendritic growth, along with chemical and electrochemical instability and chemo-mechanical
expansion, creates significant barriers to the commercialization of SSBs. To address these issues, Yao
and colleagues [156] concentrated their research on designing solid-state electrolytes that operate at
reduced temperatures. Their findings suggest that lower operational temperatures in SSBs can
greatly improve the stability and effectiveness of lithium metal anodes, thereby reducing the risks
associated with dendrite formation and other instabilities.

The challenges associated with lithium metal anodes in SSBs have seen remarkable progress, as
demonstrated by Kalnaus et al. [2]. They emphasized the vital role of mechanical factors in solid-state
batteries. Their research illuminates the significant impact of mechanical properties on the
performance and reliability of lithium metal anodes. Their detailed analyses shed light on optimizing
mechanical rigidity in solid electrolytes and lithium transference number (t(Li*) = 1), aiming to curb
lithium dendrite growth. This research is instrumental in understanding the mechanical interactions
at the anode-electrolyte interface, providing insights into enhancing the stability and safety of SSBs
with lithium metal anodes.
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In the broader context of anode development, alloy anodes, composed of lithium alloyed with
elements like silicon, tin, or aluminum, are known for their increased capacity relative to traditional
anodes [157]. These anodes can host a larger quantity of lithium ions, resulting in enhanced capacity.
They also show improved cycling stability compared to pure lithium anodes. However, these anodes
face significant volume changes during lithiation and delithiation cycles, causing mechanical stress
and potential degradation of the anode material. This issue represents a critical limitation for their
practical application in SSBs [157-159].

Recent research, including that of Huang et al. [157], has focused on overcoming these
challenges, particularly the issue of volume expansion. Their study into the electrochemical stability
of silicon as an anode material in SSBs, while highlighting its potential to address key challenges such
as dendrite formation and morphological instability, represents a significant contribution to this field.
Despite silicon’s approximately tenfold greater specific capacity compared to graphite, its application
as an anode in post-lithium-ion batteries faces considerable challenges. Cui and colleagues [159]
investigated the compatibility of silicon with various solid electrolytes, finding that a hydride-based
solid electrolyte exhibited superior stability. This enabled a solid-state Si anode with a record high
initial Coulombic efficiency of 96.2%.

Another significant advancement in this area is the research focusing on aluminum-foil anodes
[158]. This investigation (see Figure 9) revealed that using aluminum-foil anodes could limit volume
expansion during lithiation to the normal direction of the foil, significantly enhancing electrode
cyclability. By leveraging metallurgical principles like thermodynamics, elastic strain, and diffusion,
this approach facilitated unidirectional volume-strain circumvention. The aluminum (Al) anode, as
rolled, is directly assembled, and its electrode reaction involves partial lithiation of the Al matrix.
This forms a lithiated layer which develops a columnar-porous structure, serving as active material
in subsequent cycles. The cycling performance with a LiCoO: cathode shows no significant
degradation over 120 cycles. Investigations into the Al anodes’ surfaces and cross-sections post initial
lithiation and after repeated cycles confirm the integrity of both active and current-collector layers
[158]. The findings highlighted the importance of the appropriate hardness of the matrix and a certain
tolerance to off-stoichiometry in the resultant intermetallic compound for achieving this effect.

Since Sony commercialized the graphite anode in 1991, carbon-based anodes have been a key
focus of research, identified as promising candidates for lithium-ion batteries (LIBs) and “post
lithium-ion batteries” like sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) [160,161].
These batteries, while sharing similar components and electrochemical reaction mechanisms in
carbon materials, exhibit significant differences in their electrochemical storage behaviors. The
exploration of carbon anode materials, such as graphite, graphene, soft carbon, and hard carbon,
continues to be a priority for enhancing their electrochemical performance [160,161].

In recent research, Yan et al. [161] developed a hard-carbon-stabilized Li-Si alloy anode for all-
solid-state Li-ion batteries (ASSBs), demonstrating its potential for practical applications. This
innovative anode effectively suppresses lithium dendrite growth and manages significant volume
expansion. The anode was synthesized through a press-induced reaction between a Si-contained film
and Li foil, leading to improved cycling stability and electrochemical performance.

Continued research and development in this field are crucial to address the challenges
associated with carbon-based anodes, such as enhancing their stability and electrochemical
performance. Persistent exploration and innovative approaches are vital for advancing solid-state
battery technologies [160,161].
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Figure 9. Exploring the use and efficacy of an Al-anode in lithium batteries. (a) Comparison of Al-
anode and traditional Li-ion battery structures. (b) Electrode reaction and structure development in
Al anode. (c) Cycling performance of Al anode with LiCoO2 cathode. Inset: SEM image post 120 cycles.
(d) Stable potential profiles across various cycles. (e) Surface and cross-section post-lithiation. SEM
scale bars: 100 pm. Reprinted with permission from ref. [158], Copyright 2020, Nature
Communication.

3.3. Overcoming Anode Challenges

3.3.1. Prevention of Dendritic Lithium Formation

Addressing dendritic lithium formation is critical for enhancing the performance and safety of
ASSBs. Lithium metal dendrites significantly contribute to the degradation and failure of these
batteries. Li, Tchelepi, and Tartakovsky’s research [162] accentuates the effectiveness of materials like
Ag, Al Sn, and the antiperovskite superionic conductor LisS(BFs)osClos in stabilizing
electrodeposition and mitigating dendrite growth. Supported by experimental data, this research
directs attention towards identifying novel buffer materials compatible with specific electrolytes.

Singh et al. [163] proposed a method to stabilize anodes in solid-state batteries by manipulating
the microstructure of lithium metal. Their research reveals that fine-grained polycrystalline lithium
metal anodes can address pore formation issues during stripping by leveraging the microstructural
dependence of creep rates. This finding is crucial for anode-free solid-state batteries, where the
microstructure and mechanical state of lithium are key.

Another study [164] delved into deposition-type lithium metal anodes, proposing a method for
dendrite suppression. This research suggests enhancing the discharge capacity of all-solid-state
batteries through active stack pressure control or hot pressing of binder-inclusive anodes and
separators. This strategy emphasizes the importance of maintaining robust mechanical contact
throughout the cycling process, paving the way for future commercial applications of ASSBs.

3.3.2. Enhancement of Anode/Electrolyte Contact

Enhancing anode-electrolyte contact remains a central challenge, attracting significant research
interest. Deng et al. [165] introduced a gradient composite polymer solid electrolyte (GCPE),
synthesized via a UV-curing polymerization method. This approach tackles both suboptimal
interfacial contact and complex manufacturing processes, common hurdles in solid-state battery
applications. The GCPE, with a high-Lis4LasZri4TaosO12 (LLZTO)-content side and an LLZTO-
deficient side, offers high oxidation resistance and excellent interfacial contact with the Li metal
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anode, promoting uniform Li deposition and enhanced performance, as demonstrated by the low-
voltage hysteresis potential and extended cycle life in symmetric Li//Li cells [165].

Deysher et al. [166] emphasized the importance of selecting suitable solid electrolytes for stable
anode-electrolyte interfaces in sodium all-solid-state batteries. They explored various solid
electrolytes — chloride, sulfide, and borohydride — using advanced characterization techniques like
FIB-SEM imaging, XPS, and electrochemical impedance spectroscopy (see Figure 10). Their findings
indicate that interface stability is influenced by both the intrinsic electrochemical stability of the solid
electrolyte and the passivating nature of interfacial products formed during cycling. This study
highlights the criticality of material selection for stable cycling performance in sodium all-solid-state
batteries.

Cao et al. [167] presented a novel approach to enhance lithium stripping efficiency in anode-free
solid-state lithium metal batteries (ASLMBs). They implemented a conductive carbon felt elastic layer
that autonomously adjusts pressure on the anode side, ensuring consistent lithium-solid electrolyte
contact. This method not only improved initial Coulombic efficiency but also significantly enhanced
cycling stability, offering a practical solution to lithium stripping inefficiencies in ASLMBs [167].
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Figure 10. Voltage profiles for NasSna | SSE | Sn half cells employing (a) NYZC, (b) NPS, and (c) NBH
electrolytes, cycled at a current density of 0.16 mA cm™. The increase in impedance during Sn
sodiation in Na¢Sns | SSE | Sn half cells using (d) NYZC, (e) NPS, and (f) NBH electrolytes is
documented. The escalation of interfacial impedance during sodiation for (g) NYZC, (h) NPS, and (i)
NBH, as interpreted from the EIS fitting outcomes, is also illustrated. Reprinted with permission from
ref. [166], Copyright 2022, ACS Applied Materials & Interfaces.

3.3.3. Augmentation of Anode Life Cycle and Efficiency

Recent research in SSBs, particularly regarding anodes, has made significant strides in
improving their life cycle and efficiency. Wu et al. [168] addressed challenges in anode-free Li-metal
batteries (AFLBs), which suffer from issues like accumulative Li dendrites and dead Li, leading to
reduced lifetimes and Coulombic efficiency. They introduced effective electrolyte additives,
specifically LiAsFs and FEC, substantially enhancing the cycle life and average Coulombic efficiency
of NCM | | Cu AFLBs. This approach resulted in a capacity retention of about 75% after 50 cycles and
an average Coulombic efficiency of 98.3% over 100 cycles, attributed to the additives” role in
stabilizing Li deposition and solid electrolyte interphase (SEI) formation.
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Other researchers [169] implemented an interface re-engineering strategy to address chemical
stability issues between LiioGeP2S12 (LGPS) and Li metal in all-solid-state lithium batteries. They
developed a LiH2POs protective layer on the Li anode surface, significantly enhancing the stability of
LGPS with Li metal. This advancement led to a stable polarization voltage over 950 hours at 0.1 mA
cm? and a remarkable cycle life, with a reversible discharge capacity of 131.1 mAhg™ at the initial
cycle and 113.7 mAh g at the 500t cycle under 0.1 C. This study not only improved cycle life but also
provided insights into the stability mechanisms between LGPS and the Li anode.

Lastly, Humana and their team [170] focused on characterizing anodes for lithium-ion batteries,
emphasizing the importance of properties like energy density, cycle life, safety, and environmental
compatibility. They explored commercial carbon and shungite carbon in anodes, demonstrating
effective activation processes and high-rate discharge capability. Their study highlighted the
potential of these materials in achieving high discharge capacity values, significantly contributing to
the overall efficiency and life cycle of lithium-ion batteries.

3.4. Anode Enhancement Techniques

3.4.1. Surface Modification and Coating

In the evolving landscape of solid-state battery technology, integrating lithiophilic layers for
anode enhancement represents a pivotal advancement, as illustrated in the seminal work of Wang et
al. [171]. This research outlines the development of a stable, anode-free all-solid-state battery (AF-
ASSB) using a sulfide-based solid-electrolyte (argyrodite LisPSsCl). The novelty of this research lies
in the strategic alteration of lithium metal’s wetting characteristics on a copper current collector. The
creation of a 1 um lithiophilic Li2Te layer on the collector resulted in a significant reduction of electro-
deposition/electrodissolution overpotentials, enhancing the Coulombic efficiency (CE). This
modification enabled an electrodeposition of lithium beyond 70 pm, surpassing the Li foil counter-
electrode’s thickness. The modified collector not only improved the initial CE to 83% at 0.2C but also
consistently maintained a cycling CE above 99%, emphasizing the critical role of lithiophilicity in AF-
ASSBs.

Garcia-Calvo et al. [172] explored the potential of copper foil as an anode current collector in
anode-free batteries (AFB) with solid electrolytes. Their investigation into copper foil surface
modifications, using composite layers of carbon and metal nanoparticles (Ag, Sn, Zn), aimed to
address the reversibility challenges in the lithium-plating/stripping process. The study’s thorough
analysis of these modifications on the electrochemical performance of solid-state anode-free pouch
cells, which utilized a PEO electrolyte and a LiFePOus cathode, provided essential insights into the
electrochemical behavior of these modified surfaces. This research underscores the significance of
surface modifications in optimizing the anode-electrolyte interface, thereby enhancing overall battery
performance.

Xia et al. [173] investigated the stability of lithiophilic modification layers in the context of long-
term cycling for anode current collectors in all-solid-state anode-free lithium batteries. Their research
specifically addressed the failure mechanisms of a silver lithiophilic modified layer in liquid
electrolytes. The study revealed that the primary failure mode was the formation of a solid electrolyte
interface on the Ag surface and the detachment of silver particles during cycling. The introduction of
Ag between the solid electrolyte (LiCPON) and the current collector enabled long-term cycling of all-
solid-state Li/Cu half cells with high Coulombic efficiency (see Figure 11). This study provides
insights into the design of stable electrolyte/anode interfaces, emphasizing the importance of
evaluating and optimizing lithiophilic layers for enhanced performance in all-solid-state anode-free
lithium batteries.
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Figure 11. Analyzing the electrochemical characteristics of Li/Cu (Ag@Cu) half cells in 6M LiFSI/DME
at a density of 100 pAh cm= across various current rates (where 1C equals 100 HA cm). (a) Presents
the Coulombic Efficiency (CE) of Li/Cu half-cell. (b) Illustrates the CE of Li/Ag@Cu half cells at
different current rates. (c—e) Show the voltage profiles for Li/Ag@Cu half cells at varying current rates.
(f) Depicts the voltage profiles for Li/Cu half-cell at a rate of 1C. (g) Details the voltage profiles from
the initial cycle featuring varying charge and discharge current densities. (h) Displays the alloy
reaction capacity from the first cycle and the average CE across cycles until the CE reaches its
minimum value. Reprinted with permission from ref. [173], Copyright 2023, Journal of The
Electrochemical Society.

3.4.2. Nanoengineering for Improved Performance

Nanoengineering has emerged as a critical technique for enhancing anode materials in solid-
state batteries. Fuchs et al. [174] demonstrated the potential of carbon nanotubes (CNTs) in composite
anodes comprising lithium metal. This study highlighted the transformation of dissolution kinetics
from 2D to 3D in the anode, crucial for maintaining contact with the solid electrolyte and facilitating
lithium transport. The incorporation of CNTs not only enhanced effective diffusion within the anode
but also significantly improved the discharge capacity, achieving over 20 mAh cm? at 100 pA cm
without external stack pressure. This research underscores the potential of nanoengineering in
optimizing the mechanical and electrochemical properties of anodes for practical solid-state battery
applications.

Another group [175] presented an innovative approach, focusing on the modification of anode
interfaces in molten sodium batteries. They developed a nanoparticle-decorated porous carbon
structure on {3”-alumina solid-state electrolytes, significantly improving the wetting behavior of


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

24

molten sodium. The interface, engineered through a simple heat treatment process, formed a stable,
low-resistance interface, enabling the battery to sustain nearly 6000 cycles. This modification not only
reduced the lead content in the anode interface but also opened avenues for replacing toxic lead with
environmentally benign materials like tin. The success of this technique in creating a high-
performance anode interface is a testament to the effectiveness of nanoengineering in enhancing
solid-state battery technologies.

Liu et al. [176] provided insights into nanoengineering at the anode/solid-state electrolyte
interface in ASSBs. By coating the anode with a nanolithium niobium oxide layer and optimizing
post-annealing treatment, they significantly improved the capacity and rate capability of the ASSBs.
This nano-engineered layer effectively suppressed the decomposition of the sulfide solid-state
electrolyte and stabilized the anode/SSE interface, highlighting the critical role of nanoengineering in
designing high-performance anode materials for ASSBs.

3.4.3. Formation of Protective Layers

The advancement of protective layers on anodes marks a significant step in improving the
efficiency and lifespan of batteries. Wang et al. [177] showcased an innovative method by establishing
an in situ ion-conducting protective layer on lithium metal anodes in all-solid-state sulfide-based
lithium metal batteries (see Figure 12). Utilizing a spin-coating technique, they employed a blend of
polyacrylonitrile (PAN) and fluoroethylene carbonate (FEC). This layer effectively managed lithium
deposition and bolstered interface stability, resulting in augmented discharge capacity and
prolonged battery life. These findings illuminate the crucial role of protective layers in elevating
anode performance.

Addressing the hurdles encountered by alloy anodes in ASSBs, Fan and their team [178] adopted
a mechanically prelithiated aluminum foil as an anode. This anode demonstrated superior lithium
conduction kinetics and stable interfacial compatibility with sulfide electrolytes. This strategy not
only enhanced cycling stability but also maintained high capacity over numerous cycles, thus
underscoring the efficacy of protective layers in mitigating issues like substantial volume changes
and poor interfacial stability in alloy anodes.

Additionally, Huang et al. [179] conducted a review of anode-free solid-state lithium batteries,
emphasizing the need to address inefficiencies in lithium plating and stripping. The review presents
various strategies, including protective layer formation, to optimize performance and prolong battery
life. This comprehensive analysis highlights the pivotal role of protective layers in enhancing the
durability and efficiency of solid-state batteries.
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Figure 12. (a) Illustrative representations of the formation of a protective layer on the Li metal anode.
(b) Interface of Li/LisPSsCl. (c) Altered interface featuring a consistent, slender LisN/LiF interphase
layer resulting from the interplay between Li, PAN, and FEC. Reprinted with permission from ref.
[177], Copyright 2021, Advanced Materials Interfaces.

4. The Convergence of Solid Electrolytes and Anodes

4.1. Designing for Synergy between Anodes and Solid Electrolytes

The integration of solid electrolytes with anodes in SSBs marks a significant evolution in energy
storage technologies, addressing key safety and performance challenges inherent in traditional
lithium-ion systems. For instance, the work of Miao et al. [180] offers a critical assessment of the
interface engineering between inorganic solid-state electrolytes and electrode materials. Despite the
impressive ionic conductivity of many solid-state electrolytes, their performance often suffers due to
suboptimal interfaces with electrodes. This research highlights the importance of enhancing
interfacial compatibility and stability. It also emphasizes the need to mitigate dendritic lithium
formation, which is crucial for achieving high-performance cells. The study comprehensively
evaluates recent advancements in improving the electrode/electrolyte interface, which includes
optimizing components and innovatively designing the architecture of bulk anodes, electrolytes, and
cathodes.

Banerjee et al. [41] explore the unique characteristics of interfaces and interphases in ASSBs with
inorganic solid electrolytes. They observe a transition in the primary bottleneck in ASSBs from
lithium-ion diffusion within the electrolyte to challenges like low Coulombic efficiency, suboptimal
power performance, and reduced cycling life due to increased resistance at interfaces. This study
illuminates the complex nature of these interfaces, which encompasses aspects like physical contact,
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grain boundaries, and a spectrum of chemical and electrochemical reactions. A deep understanding
of the composition, distribution, and electronic and ionic properties of these interfaces is imperative
for the design of stable interfaces. The research also reviews the application of conformal coatings to
prevent side reactions and emphasizes the significant role of mechanical behavior at these interfaces.

Wu and colleagues [5] provide a detailed review of the current status and future directions of
ASSBs, focusing especially on batteries with lithium metal anodes, sulfide-based solid-state
electrolytes, and Ni-rich layered transition metal oxide cathodes. They identify lithium dendrite
growth at the anode or within the solid electrolyte as a major risk factor for cell failure. The study
also notes that interfacial resistance increases due to electrolyte decomposition and the formation of
interfacial voids at both cathode—electrolyte and anode—electrolyte interfaces, leading to gradual
capacity fading. This review offers a comprehensive look at the latest research progress in ASSBs and
provides perspectives on future research directions, emphasizing the importance of understanding
and addressing the challenges at the interfaces of these components.

4.2. Analytical and Experimental Insights into Solid Electrolyte-Anode Parings

The interaction between solid electrolytes and anodes in SSBs is a crucial research domain,
offering insights into optimizing battery performance and longevity. Wu et al. [181] investigated the
interaction between sodium anodes and sulfide-based solid electrolytes, like NasSbSs (NAS) and
NasPS: (NPS), in ASSBs. Despite their high ionic conductivities at ambient temperatures, these
electrolytes show instability with Na metal. Their study reveals that capacity fade and cell failure in
ASSBs predominantly result from chemical reactions at the Na anode and solid-state electrolyte
interface, exacerbated by electrochemical cycling (see Figure 13). The Na-solid electrolyte interphase
(SSEI), composed of NazS and NasSb for NAS, is identified both computationally and experimentally,
displaying mixed ionic and electronic-conducting properties. This composition fosters SSEI growth,
increasing cell impedance and reducing performance and cycle life. The study highlights the
importance of SSE compatibility with both anodes and cathodes for enhancing the electrochemical
properties and practicality of Na-based ASSBs.
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Figure 13. Grand potential phase stability diagrams for NasSbSs are presented. In the anodic or low
voltage area, NasSbSs experiences a reduction reaction and absorbs Na, while in the cathodic or high
voltage zone, it undergoes oxidation and releases Na. The compounds shown on the plot represent
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the predicted phase equilibria in their respective regions. Reprinted with permission from ref. [181],
Copyright 2018, ACS Applied Materials & Interfaces.

Another research group [182] contributes a comprehensive review of the fundamentals,
structures, thermodynamics, chemistries, and electrochemical kinetics of solid electrolyte interphase
(SEI) necessary for reversible anodes in SSBs. This review provides theoretical and experimental
insights into metal nucleation, deposition, and stripping for the reversible cycling of metal anodes. It
discusses ion transport mechanisms and the latest solid-state electrolytes (SEs) for high-performance
cells. The challenges and strategies for integrating SEs, anodes, and cathodes in large-scale SSBs are
addressed, focusing on aspects like physical/chemical contacts, space-charge layers, interdiffusion,
lattice mismatch, dendritic growth, and thermal instability. This comprehensive review underscores
recent innovations in anode interface chemistries developed by SEs, comparing monovalent and
multivalent cation carriers in various battery types.

Moreover, Gao et al. [183] present a study focusing on nanometer-thin solid-state
electrolyte/electrode interfaces in ASSBs. Their work underscores the importance of understanding
these interfaces to achieve efficient and safe ASSBs. Employing a multiscale framework that combines
Density Functional Theory (DFT), reactive force field, and continuum scale approaches with surface
and electrochemical techniques, they elucidate the structural origin of interfacial resistance,
degradation mechanisms, and lithium-ion transport mechanisms at cathode interfaces under
different conditions. This hybrid experimental and computational approach is pivotal in designing
highly compatible and stable electrolyte/electrode interfaces, extending to other energy conversion
and storage devices.

Complementing advanced characterization and analysis techniques, Li et al. [184] delved into
advanced methods for understanding dynamic processes in LIBs. Their research emphasized the
importance of investigating batteries across different length and time scales, using in situ and operando
methods. The review discusses insertion and conversion electrode materials, underscoring the
necessity of these techniques to enhance understanding of battery operation, degradation, and failure
mechanisms. This foundational research is crucial for future developments in battery technology in
the coming years.

4.3. Computational Approaches in Predicting and Enhancing Performance

The integration of computational methods in the development of solid electrolytes and anodes
for solid-state batteries is a rapidly evolving field, where these approaches are crucial in predicting
and enhancing performance. In the context of ASSBs, pursuing high-performance solid-state
electrolytes (SEs) is essential. Yang and his team [185] underscore the importance of understanding
transport mechanisms and electrochemical properties of fast sodium-ion conductors at an atomic
level. Advanced computational tools are instrumental in exploring functional materials for SEs,
significantly contributing to the rapid advancement of ASSBs. This study emphasizes the vital role of
computational studies, working in tandem with experimental efforts, in expediting the development
of high-performance sodium-ion SEs.

The review by Dutra and Dawson on antiperovskite solid electrolytes for solid-state batteries
(SSBs) [186] is a deep dive into the potential of these materials, which offer high ionic conductivity
and are well-suited for use with various metal anodes like Si, Li, or Sn. Their review goes beyond the
basics, delving into the computational design of these electrolytes. This involves advanced techniques
like high-throughput screening for novel compositions, understanding synthesizability, exploring
doping effects, and leveraging machine learning (ML) to predict properties like ionic conductivity.
Pu et al. [187] propose an interactive visualization system for experts to select suitable ML models
and to comprehensively understand and explore prediction results. Validated through case studies
and lab experiments, this system demonstrates the effectiveness of ML in predicting ionic
conductivity for solid-state electrolytes. It exemplifies the transformative impact of computational
approaches in materials science, particularly in the context of solid electrolytes and anodes for solid-
state batteries. In this regard, Wang et al. [188] conducted comprehensive studies on the SEI in LIBs,
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utilizing methods ranging from electronic structure calculations to mesoscale modeling. Their
research focused on the thermodynamics and kinetics of electrolyte reduction reactions and
examined how the properties of SEI were affected by electrolyte design, impacting battery
performance. Additionally, their work included the development of artificial SEI layers and
identified potential future research directions in the field. Similarly, in the case of cathodes, Xiao et
al. [189] explored the use of computational methods to identify suitable cathode coating materials for
SSBs. Their study emphasized the potential of polyanionic oxide coatings, due to their optimal
electrochemical and chemical stability while maintaining ionic conductivity. The research examined
phase stability, electrochemical and chemical stability, and ionic and electronic conductivity of
various materials, once again demonstrating the effectiveness of computational approaches in
advancing SSB technology.

5. Conclusions and Forward Look

In this comprehensive review, we thoroughly examine the evolution of SSBs, highlighting their
transition from traditional liquid electrolyte lithium-ion batteries (LIBs). This shift mirrors the
increasing demand for safer, more efficient, and durable energy storage solutions. A primary focus
is the integration of solid electrolytes with anodes and cathodes, which significantly influences
battery performance and safety, offering enhanced energy density and stability over traditional
batteries.

The paper delves into the challenges and advancements at the interfaces between solid
electrolytes and electrode materials. These interfaces are crucial for the functionality and efficiency
of SSBs, with initial concerns centered on lithium-ion diffusion. Advances in understanding and
improving the interactions at these solid-solid interfaces have been notable, with the work of
researchers like Miao et al. and Banerjee’s team providing valuable insights into interface
engineering, highlighting the importance of compatibility and stability for battery performance and
lifespan.

The interaction between solid electrolytes and anodes is also a key research area. Studies explore
the dynamics between various anodes, such as sodium, and sulfide-based solid electrolytes, revealing
that capacity fade and cell failure often stem from chemical reactions at the interfaces. This
underscores the importance of selecting solid electrolytes that are chemically stable with both anodes
and cathodes.

Furthermore, computational studies have become vital for understanding transport mechanisms
at an atomic level, crucial for designing efficient solid electrolytes and electrode materials. These
models are increasingly relied upon for material design, particularly anti-perovskite solid electrolytes
known for their high ionic conductivity and stability.

The review also highlights the need for deeper considerations for common anode materials in
SSBs. The stability of the anode in a solid-state environment is essential for maintaining the integrity
of the solid electrolyte and preventing degradation. The thermal properties of these anode materials
must be compatible with the solid electrolyte to maintain consistent performance across
temperatures. The intricacies of the anode-solid electrolyte interface need fine-tuning for minimal
resistance and maximal ionic conductivity, influencing the overall battery architecture. This includes
weight, size, and design flexibility considerations for practical device integration. These factors are
key for the successful application of materials in SSBs, marking a departure from their roles in
conventional liquid electrolyte batteries. This holistic approach, combining computational design
with material stability and interface optimization, is vital in advancing SSBs, showcasing a significant
evolution from traditional liquid electrolyte batteries.

In conclusion, this review not only encapsulates the significant strides made in the field of solid-
state batteries but also sets a forward-looking perspective. It underscores the ongoing need for
research in enhancing the interfaces of solid electrolytes and electrodes and highlights the potential
of computational methods in advancing material design. The continued exploration and
development in these areas are essential for realizing the full potential of solid-state batteries, paving
the way for more sustainable and efficient energy storage solutions in the future.
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List of Acronyms

AEF Area enhancement factor
AF-ASSB Anode-free all-solid-state battery
AFB Anode-free battery
ASSB Anode/solid-state electrolyte interface
DLP Digital light processing
DME Dimethoxyethane
EV Electric vehicle
FEC Fluoroethylene carbonate
GCPE Gradient composite polymer solid

electrolyte
Inorganic nanoparticle/polymer

INPC L
combination
INFPC Inorganic nanofiber/polymer structure
ISE Inorganic solid electrolyte
LAGP Lii+xAlGez4(POs)3
LATP Lil+xAxTi2-x(POs)s (where ‘A’ represents
Al, Cr, Ga, Fe, In, La, Sc, or Y)
LE-LIB Liquid electrolyte lithium-ion battery
LGPS LiioGeP2512
LiFSI Lithium bis(fluorosulfonyl)imide
LiPON Lithium phosphorus oxynitride
LiTFSI LiN(CFsSOz2)2
LLTO LiossLaoss7TiOs
LLZO LizLasZr:012
LLZTO Lis4LasZri4TaosO12
LPS Glass-ceramic lithium thiophosphate
NAS NasSbSs
NASICON Sodium super-ionic conductor
NPS NasPS4
NZSP NasZr:5i2PO12
PAN Polyacrylonitrile
PE Polymer solid electrolyte
PEO Polyethylene oxide
PVDF Polyvinylidene fluoride
SEI Solid electrolyte interphase
SLEIs Solid-liquid electrolyte interfaces
SLA Stereolithography
SSE Solid-state electrolyte
SSLB Solid-state lithium battery

SSBs Solid-state batteries
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TFBs Planar thin-film battery
vOC Volatile organic compound

References

1.  Albertus, P.; Anandan, V.; Ban, C.; Balsara, N.; Belharouak, I.; Buettner-Garrett, J.; Chen, Z.; Daniel, C,;
Doeff, M.; Dudney, N.J.; et al. Challenges for and Pathways toward Li-Metal-Based All-Solid-State
Batteries. ACS Energy Lett. 2021, 1399-1404. https://doi.org/10.1021/acsenergylett.1c00445.

2. Kalnaus, S;; Dudney, N.J.; Westover, A.S.; Herbert, E.; Hackney, S. Solid-State Batteries: The Critical Role
of Mechanics. Science 2023, 381, eabg5998. https://doi.org/10.1126/science.abg5998.

3. Sun, C; Liu, J; Gong, Y.; Wilkinson, D.P.; Zhang, J. Recent Advances in All-Solid-State Rechargeable
Lithium Batteries. Nano Energy 2017, 33, 363-386. https://doi.org/10.1016/j.nanoen.2017.01.028.

4. Janek, J.; Zeier, W.G. Challenges in Speeding up Solid-State Battery Development. Nat Energy 2023, 8, 230-
240. https://doi.org/10.1038/s41560-023-01208-9.

5. Wu, C; Lou, J.; Zhang, J.; Chen, Z; Kakar, A.; Emley, B.; Ai, Q.; Guo, H.; Liang, Y.; Lou, J.; et al. Current
Status and Future Directions of All-Solid-State Batteries with Lithium Metal Anodes, Sulfide Electrolytes,
and Layered Transition Metal Oxide Cathodes. Nano Energy 2021, 87, 106081.
https://doi.org/10.1016/j.nanoen.2021.106081.

6.  Mitali, ].; Dhinakaran, S.; Mohamad, A.A. Energy Storage Systems: A Review. Energy Storage Sav. 2022, 1,
166-216. https://doi.org/10.1016/j.enss.2022.07.002.

7. Al Shagsi, A.Z; Sopian, K.; Al-Hinai, A. Review of Energy Storage Services, Applications, Limitations, and
Benefits. Energy Rep. 2020, 6, 288-306. https://doi.org/10.1016/j.egyr.2020.07.028.

8. Li,C;Wang,Z;He, Z,;Li, Y.; Mao, J.; Dai, K.; Yan, C.; Zheng, ]. An Advance Review of Solid-State Battery:
Challenges, Progress and  Prospects.  Sustain.  Mater.  Technol. 2021, 29,  00297.
https://doi.org/10.1016/j.susmat.2021.e00297.

9. Xu, L; Li, J; Shuai, H,; Luo, Z.; Wang, B,; Fang, S.; Zou, G.; Hou, H.; Peng, H.; Ji, X. Recent Advances of
Composite Electrolytes for Solid-State Li Batteries. J. Enerqy Chem. 2022, 67, 524-548.
https://doi.org/10.1016/j.jechem.2021.10.038.

10. Su, X,; Xu, Y.; Wu, Y,; Li, H,; Yang, ].; Liao, Y.; Qu, R.; Zhang, Z. Liquid Electrolytes for Low-Temperature
Lithium Batteries: Main Limitations, Current Advances, and Future Perspectives. Energy Storage Mater.
2023, 56, 642-663. https://doi.org/10.1016/j.ensm.2023.01.044.

11. Afroze, S.; Reza, M.S.; Kuterbekov, K.; Kabyshev, A.; Kubenova, M.M.; Bekmyrza, K.Z.; Azad, A.K.
Emerging and Recycling of Li-Ion Batteries to Aid in Energy Storage, A Review. Recycling 2023, 8, 48.
https://doi.org/10.3390/recycling8030048.

12.  Chen, Y.; Kang, Y.; Zhao, Y.; Wang, L.; Liu, J.; Li, Y.; Liang, Z.; He, X; Li, X.; Tavajohi, N.; et al. A Review
of Lithium-Ion Battery Safety Concerns: The Issues, Strategies, and Testing Standards. J. Energy Chem. 2021,
59, 83-99. https://doi.org/10.1016/j.jechem.2020.10.017.

13. Kong, L.; Xing, Y.; Pecht, M.G. In-Situ Observations of Lithium Dendrite Growth. IEEE Access 2018, 6, 8387—
8393. https://doi.org/10.1109/ACCESS.2018.2805281.

14. Hou, W, Lu, Y.;Ou, Y, Zhou, P,; Yan, S.; He, X.; Geng, X.; Liu, K. Recent Advances in Electrolytes for High-
Voltage Cathodes of Lithium-lon Batteries. Trans. Tianjin Univ. 2023, 29, 120-135.
https://doi.org/10.1007/s12209-023-00355-0.

15. Eshetu, G.G.; Zhang, H.; Judez, X.; Adenusi, H.; Armand, M.; Passerini, S.; Figgemeier, E. Production of
High-Energy Li-Ion Batteries Comprising Silicon-Containing Anodes and Insertion-Type Cathodes. Nat
Commun 2021, 12, 5459. https://doi.org/10.1038/s41467-021-25334-8.

16. Zachmann, N.; Petranikova, M.; Ebin, B. Electrolyte Recovery from Spent Lithium-Ion Batteries Using a
Low Temperature Thermal Treatment Process. ]. Ind. Eng. Chem. 2023, 118, 351-361.
https://doi.org/10.1016/j.jiec.2022.11.020.

17. Peters, J.F.; Baumann, M.; Zimmermann, B.; Braun, J.; Weil, M. The Environmental Impact of Li-lon
Batteries and the Role of Key Parameters—A Review. Renew. Sustain. Energy Rev. 2017, 67, 491-506.
https://doi.org/10.1016/j.rser.2016.08.039.

18. Guo, Y.; Wu, S.;; He, Y.-B.; Kang, F.; Chen, L, Li, H,; Yang, Q.-H. Solid-State Lithium Batteries: Safety and
Prospects. eScience 2022, 2, 138-163. https://doi.org/10.1016/j.esci.2022.02.008.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

31

19. Mauger; Julien; Paolella; Armand; Zaghib Building Better Batteries in the Solid State: A Review. Materials
2019, 12, 3892. https://doi.org/10.3390/ma12233892.

20. Zhao, Q.; Stalin, S.; Zhao, C.-Z.; Archer, L.A. Designing Solid-State Electrolytes for Safe, Energy-Dense
Batteries. Nat Rev Mater 2020, 5, 229-252. https://doi.org/10.1038/s41578-019-0165-5.

21. Hatzell, K.B.; Chen, X.C,; Cobb, C.L.; Dasgupta, N.P.; Dixit, M.B.; Marbella, L.E.; McDowell, M.T.;
Mukherjee, P.P.; Verma, A.; Viswanathan, V.; et al. Challenges in Lithium Metal Anodes for Solid-State
Batteries. ACS Energy Lett. 2020, 5, 922-934. https://doi.org/10.1021/acsenergylett.9b02668.

22.  Chen, L; Qiu, X;; Bai, Z,; Fan, L.-Z. Enhancing Interfacial Stability in Solid-State Lithium Batteries with
Polymer/Garnet Solid Electrolyte and Composite Cathode Framework. J. Energy Chem. 2021, 52, 210-217.
https://doi.org/10.1016/j.jechem.2020.03.052.

23. Zhu, ],; Li, X; Wu, C.; Gao, J.; Xu, H.; Li, Y.; Guo, X,; Li, H.; Zhou, W. A Multilayer Ceramic Electrolyte for
All-Solid-State Li Batteries. Angew Chem Int Ed 2021, 60, 3781-3790. https://doi.org/10.1002/anie.202014265.

24. Kundu, S.; Ein-Elj, Y. A Review on Design Considerations in Polymer and Polymer Composite Solid-State
Electrolytes for Solid Li Batteries. J. Power Sources 2023, 553, 232267.
https://doi.org/10.1016/j.jpowsour.2022.232267.

25. Zaman, W.; Hatzell, K.B. Processing and Manufacturing of next Generation Lithium-Based All Solid-State
Batteries. Curr. Opin. Solid State Mater. Sci. 2022, 26, 101003. https://doi.org/10.1016/j.cossms.2022.101003.

26. Bubulinca, C.; Kazantseva, N.E.; Pechancova, V.; Joseph, N.; Fei, H.; Venher, M.; Ivanichenko, A.; Saha, P.
Development of All-Solid-State Li-Ion Batteries: From Key Technical Areas to Commercial Use. Batteries
2023, 9, 157. https://doi.org/10.3390/batteries9030157.

27. Zhang, H.; Xue, B.; Li, S;; Yu, Y.; Li, X;; Chang, Z.; Wu, H.; Hu, Y.; Huang, K; Liu, L.; et al. Life Cycle
Environmental Impact Assessment for Battery-Powered Electric Vehicles at the Global and Regional
Levels. Sci Rep 2023, 13, 7952. https://doi.org/10.1038/s41598-023-35150-3.

28.  Solid State Batteries Volume 1: Emerging Materials and Applications; Gupta, R K., Ed.; ACS Symposium Series;
American Chemical Society: Washington, DC, 2022; Vol. 1413; ISBN 978-0-8412-9768-5.

29. Miao, X.; Guan, S.; Ma, C.; Li, L.; Nan, C. Role of Interfaces in Solid-State Batteries. Adv. Mater. 2023,
2206402. https://doi.org/10.1002/adma.202206402.

30. Albertus, P.; Anandan, V.; Ban, C.; Balsara, N.; Belharouak, I.; Buettner-Garrett, J.; Chen, Z.; Daniel, C.;
Doeff, M.; Dudney, N.J.; et al. Challenges for and Pathways toward Li-Metal-Based All-Solid-State
Batteries. ACS Energy Lett. 2021, 1399-1404. https://doi.org/10.1021/acsenergylett.1c00445.

31. Jetybayeva, A.; Uzakbaiuly, B.; Mukanova, A.; Nurpeissova, A.; Bakenov, Z. Solid-State Nanobatteries. In
ACS Symposium Series; Gupta, R.K., Ed.; American Chemical Society: Washington, DC, 2022; Vol. 1414, pp.
201-248 ISBN 978-0-8412-9766-1.

32. Shalaby, M.S.; Alziyadi, M.O.; Gamal, H.; Hamdy, S. Solid-State Lithium-Ion Battery: The Key Components
Enhance the Performance and Efficiency of Anode, Cathode, and Solid Electrolytes. J. Alloys Compd. 2023,
969, 172318. https://doi.org/10.1016/j.jallcom.2023.172318.

33. Waidha, A.IL; Salihovic, A.; Jacob, M.; Vanita, V.; Aktekin, B.; Brix, K.; Wissel, K.; Kautenburger, R.; Janek,
J.; Ensinger, W.; et al. Recycling of All-Solid-State Li-ion Batteries: A Case Study of the Separation of
Individual Components Within a System Composed of LTO, LLZTO and NMC**. ChemSusChem 2023, 16,
€202202361. https://doi.org/10.1002/cssc.202202361.

34. Lu,P,;Xia Y.;Huang, Y.;Li, Z.; Wu, Y.; Wang, X,; Sun, G; Shi, S.; Sha, Z.; Chen, L.; et al. Wide-Temperature,
Long-Cycling, and High-Loading Pyrite All-Solid-State Batteries Enabled by Argyrodite Thioarsenate
Superionic Conductor. Adv Funct Mater. 2023, 33, 2211211. https://doi.org/10.1002/adfm.202211211.

35. Pacios, R,; Villaverde, A.; Martinez-Ibafiez, M.; Casas-Cabanas, M.; Aguesse, F.; Kvasha, A. Roadmap for
Competitive Production of Solid-State Batteries: How to Convert a Promise into Reality. Adv. Energy Mater.
2023, 13, 2301018. https://doi.org/10.1002/aenm.202301018.

36. Pandey, G.P.; Brown, J.E.; Li, ]. Architectural Design for Flexible Solid-State Batteries. In ACS Symposium
Series; Gupta, RK., Ed.; American Chemical Society: Washington, DC, 2022; Vol. 1414, pp. 289-309 ISBN
978-0-8412-9766-1.

37. Hantanasirisakul, K.; Sawangphruk, M. Sustainable Reuse and Recycling of Spent Li-lon Batteries from
Electric Vehicles: Chemical, Environmental, and Economical Perspectives. Glob. Chall. 2023, 7, 2200212.
https://doi.org/10.1002/gch2.202200212.

38. Xiao, Y.; Wang, Y.; Bo, S.-H.; Kim, J.C.; Miara, L.].; Ceder, G. Understanding Interface Stability in Solid-
State Batteries. Nat Rev Mater 2019, 5, 105-126. https://doi.org/10.1038/s41578-019-0157-5.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

32

39. Singer, C.; Schnell, J.; Reinhart, G. Scalable Processing Routes for the Production of All-Solid-State
Batteries—Modeling Interdependencies of Product and Process. Emnergy Tech 2021, 9, 2000665.
https://doi.org/10.1002/ente.202000665.

40. Fan, L.-Z; He, H.; Nan, C.-W. Tailoring Inorganic-Polymer Composites for the Mass Production of Solid-
State Batteries. Nat Rev Mater 2021, 6, 1003-1019. https://doi.org/10.1038/s41578-021-00320-0.

41. Banerjee, A.; Wang, X.; Fang, C.; Wu, E.A_; Meng, Y.S. Interfaces and Interphases in All-Solid-State Batteries
with Inorganic Solid Electrolytes. Chem. Rev. 2020, 120, 6878-6933.
https://doi.org/10.1021/acs.chemrev.0c00101.

42. Richter, F.H. Viscoelastic Glass Electrolytes. Nat Energy 2023, 8, 1182-1183. https://doi.org/10.1038/s41560-
023-01379-5.

43. Raj, V,; Venturi, V.; Kankanallu, V.R.; Kuiri, B.; Viswanathan, V.; Aetukuri, N.P.B. Direct Correlation
between Void Formation and Lithium Dendrite Growth in Solid-State Electrolytes with Interlayers. Nat.
Mater. 2022, 21, 1050-1056. https://doi.org/10.1038/s41563-022-01264-8.

44. Widyantara, R.D.; Zulaikah, S.; Juangsa, F.B.; Budiman, B.A.; Aziz, M. Review on Battery Packing Design
Strategies for Superior Thermal Management in Electric Vehicles. Batteries 2022, 8§, 287.
https://doi.org/10.3390/batteries8120287.

45. Quérel, E,; Williams, N.J.; Seymour, 1.D.; Skinner, S.J.; Aguadero, A. Operando Characterization and
Theoretical Modeling of MetallElectrolyte Interphase Growth Kinetics in Solid-State Batteries. Part I:
Experiments. Chem. Mater. 2023, 35, 853-862. https://doi.org/10.1021/acs.chemmater.2c03130.

46. Liang, X.; Wang, L.; Wu, X,; Feng, X.; Wu, Q.; Sun, Y.; Xiang, H.; Wang, ]. Solid-State Electrolytes for Solid-
State Lithium-Sulfur Batteries: Comparisons, Advances and Prospects. . Energy Chem. 2022, 73, 370-386.
https://doi.org/10.1016/j.jechem.2022.06.035.

47. Zheng, F.; Kotobuki, M.; Song, S.; Lai, M.O.; Lu, L. Review on Solid Electrolytes for All-Solid-State Lithium-
Ion Batteries. ]. Power Sources 2018, 389, 198-213. https://doi.org/10.1016/j.jpowsour.2018.04.022.

48. Deng, K; Zeng, Q.; Wang, D.; Liu, Z,; Wang, G.; Qiu, Z,; Zhang, Y.; Xiao, M.; Meng, Y. Nonflammable
Organic Electrolytes for High-Safety Lithium-lon Batteries. Energy Storage Mater. 2020, 32, 425-447.
https://doi.org/10.1016/j.ensm.2020.07.018.

49. Shannon, R.D.; Taylor, B.E.; English, A.D.; Berzins, T. New Li Solid Electrolytes. Electrochim. Acta 1977, 22,
783-796. https://doi.org/10.1016/0013-4686(77)80035-2.

50. Torres, V.M.; Kalnaus, S.; Martin, SW.; Duggan, C.; Westover, A.S. Structure-mechanical Properties
Correlation in Bulk LiPON Glass Produced by Nitridation of Metaphosphate Melts. ] Am Ceram Soc. 2023,
106, 6565-6576. https://doi.org/10.1111/jace.19327.

51. De Souza, J.E.; Rojas De Souza, S.; Gebhardt, R.; Kmiec, S.; Whale, A.; Warthen Martin, S. LiPON and
NaPON Glasses: A Study of the Ammonolysis of Lithium and Sodium Metaphosphate Melts. Int | Appl
Glass Sci 2020, 11, 78-86. https://doi.org/10.1111/ijag.13508.

52. Li,J.;Ma, C; Chi, M,; Liang, C.; Dudney, N.]J. Solid Electrolyte: The Key for High-Voltage Lithium Batteries.
Adv. Energy Mater. 2015, 5, 1401408. https://doi.org/10.1002/aenm.201401408.

53. Koo, M,; Park, K.-I; Lee, S.H.; Suh, M.; Jeon, D.Y.; Choi, ].W.; Kang, K.; Lee, K.J. Bendable Inorganic Thin-
Film Battery for Fully Flexible Electronic Systems. Nano Lett. 2012, 12, 4810-4816.
https://doi.org/10.1021/n1302254v.

54. Kalnaus, S.; Westover, A.S.; Kornbluth, M.; Herbert, E.; Dudney, N.J. Resistance to Fracture in the Glassy
Solid Electrolyte Lipon. ]. Mater. Res. 2021, 36, 787-796. https://doi.org/10.1557/s43578-020-00098-x.

55. Kim, Y.; Dudney, N.J.; Chi, M.; Martha, S.K.; Nanda, J.; Veith, G.M.; Liang, C. A Perspective on Coatings to
Stabilize High-Voltage Cathodes: LiMn 15 Ni 05 O 4 with Sub-Nanometer Lipon Cycled with LiPF
Electrolyte. J. Electrochem. Soc. 2013, 160, A3113-A3125. https://doi.org/10.1149/2.017305jes.

56. Martha, SK.; Nanda, J.; Kim, Y.; Unocic, R.R.; Pannala, S.; Dudney, N.J. Solid Electrolyte Coated High
Voltage Layered-Layered Lithium-Rich Composite Cathode: Li1.2Mn0.525Ni0.175C00.102. ]. Mater. Chem.
A 2013, 1, 5587. https://doi.org/10.1039/c3ta10586e.

57. Song, W.; Ji, X.;; Wu, Z;; Zhu, Y.; Yang, Y.; Chen, J.; Jing, M,; Li, F.; Banks, C.E. First Exploration of Na-Ion
Migration Pathways in the NASICON Structure Na3V2(PO4)3. |. Mater. Chem. A 2014, 2, 5358.
https://doi.org/10.1039/c4ta00230;.

58. Passerini, S.; Bresser, Dominic; Moretti, Arianna; Varzi, Alberto Batteries : Present and Future Energy Storage
Challenges; Wiley-VCH.; ISBN 978-3-527-82731-2.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

33

59. Aono, H.; Sugimoto, E.; Sadaoka, Y.; Imanaka, N.; Adachi, G. Ionic Conductivity of Solid Electrolytes Based
on Lithium Titanium Phosphate. J. Electrochem. Soc. 1990, 137, 1023-1027. https://doi.org/10.1149/1.2086597.

60. Inaguma, Y.; Liquan, C.; Itoh, M.; Nakamura, T.; Uchida, T.; Ikuta, H.; Wakihara, M. High Ionic
Conductivity in Lithium Lanthanum Titanate. Solid State Commun. 1993, 86, 689-693.
https://doi.org/10.1016/0038-1098(93)90841-A.

61. Tolganbek, N.; Serikkazyyeva, A.; Kalybekkyzy, S.; Sarsembina, M., Kanamura, K.; Bakenov, Z.;
Mentbayeva, A. Interface Modification of NASICON-Type Li-Ion Conducting Ceramic Electrolytes: A
Critical Evaluation. Mater. Adv. 2022, 3, 3055-3069. https://doi.org/10.1039/D1IMA01239H.

62. Lu, ], Li, Y. Perovskite-type Li-ion Solid Electrolytes: A Review. | Mater Sci: Mater Electron 2021, 32, 9736~
9754. https://doi.org/10.1007/s10854-021-05699-8.

63. Turney, D.E.; Yadav, G.G.; Gallaway, ].W.; Kolhekar, S.; Huang, J.; D’Ambrose, M.].; Banerjee, S. Aqueous
Mn-Zn and Ni-Zn Batteries for Sustainable Energy Storage. In Energy-Sustainable Advanced Materials;
Alston, M., Lambert, T.N., Eds.; Springer International Publishing: Cham, 2021; pp. 1-26 ISBN 978-3-030-
57491-8.

64. Tolganbek, N.; Yerkinbekova, Y.; Khairullin, A.; Bakenov, Z.; Kanamura, K.; Mentbayeva, A. Enhancing
Purity and Ionic Conductivity of NASICON-Typed Lil.3Al0.3Ti1.7(PO4)3 Solid Electrolyte. Ceram. Int.
2021, 47, 18188-18195. https://doi.org/10.1016/j.ceramint.2021.03.137.

65. Guo, Q.; Han, Y.; Wang, H.; Xiong, S.; Li, Y.; Liu, S.; Xie, K. New Class of LAGP-Based Solid Polymer
Composite Electrolyte for Efficient and Safe Solid-State Lithium Batteries. ACS Appl. Mater. Interfaces 2017,
9, 41837-41844. https://doi.org/10.1021/acsami.7b12092.

66. Hamao, N.; Yamaguchi, Y.; Hamamoto, K. Densification of a NASICON-Type LATP Electrolyte Sheet by a
Cold-Sintering Process. Materials 2021, 14, 4737. https://doi.org/10.3390/ma14164737.

67. Grady, ZM.; Tsuji, K.; Ndayishimiye, A.; Hwan-Seo, J.; Randall, C.A. Densification of a Solid-State
NASICON Sodium-Ion Electrolyte Below 400 °C by Cold Sintering with a Fused Hydroxide Solvent. ACS
Appl. Energy Mater. 2020, 3, 4356—4366. https://doi.org/10.1021/acsaem.0c00047.

68. Zhao, E.; Ma, F.; Guo, Y,; Jin, Y. Stable LATP/LAGP Double-Layer Solid Electrolyte Prepared via a Simple
Dry-Pressing Method for Solid State Lithium Ion Batteries. RSC Adv. 2016, 6, 92579-92585.
https://doi.org/10.1039/C6RA19415].

69. Knauth, P. Inorganic Solid Li Ion Conductors: An Overview. Solid State Ion. 2009, 180, 911-916.
https://doi.org/10.1016/j.ss1.2009.03.022.

70. Chen, R,; Nolan, A.M,; Ly, J.; Wang, J.; Yu, X;; Mo, Y.; Chen, L.; Huang, X.; Li, H. The Thermal Stability of
Lithium Solid Electrolytes with Metallic Lithium. Joule 2020, 4, 812-821.
https://doi.org/10.1016/j.joule.2020.03.012.

71.  Thangadurai, V.; Kaack, H.; Weppner, W.J.F. Novel Fast Lithium Ion Conduction in Garnet-Type Lis La 3
M:2012(M=Nb, Ta). J. Am. Ceram. Soc. 2003, 86, 437-440. https://doi.org/10.1111/j.1151-2916.2003.tb03318 x.

72. Abouali, S; Yim, C.-H.; Merati, A.; Abu-Lebdeh, Y.; Thangadurai, V. Garnet-Based Solid-State Li Batteries:
From Materials Design to Battery Architecture. ACS Enerqy Lett. 2021, 6, 1920-1941.
https://doi.org/10.1021/acsenergylett.1c00401.

73. Murugan, R.; Thangadurai, V.; Weppner, W. Fast Lithium Ion Conduction in Garnet-Type Li7 La 3 Zr 2 O
12. Angew Chem Int Ed 2007, 46, 7778-7781. https://doi.org/10.1002/anie.200701144.

74. Baral, AXK,; Narayanan, S.; Ramezanipour, F.; Thangadurai, V. Evaluation of Fundamental Transport
Properties of Li-Excess Garnet-Type Li5+2xLa3Ta2-xYxO12 (x = 0.25, 0.5 and 0.75) Electrolytes Using AC
Impedance and Dielectric = Spectroscopy. Phys. Chem. Chem. Phys. 2014, 16, 11356.
https://doi.org/10.1039/c4cp00418c.

75. Xie, H.; Alonso, J.A.; Li, Y.; Fernandez-Diaz, M.T.; Goodenough, J.B. Lithium Distribution in Aluminum-
Free Cubic Li7 La 3 Zr 2 O 12. Chemn. Mater. 2011, 23, 3587-3589. https://doi.org/10.1021/cm201671k.

76. Geiger, C.A,; Alekseev, E.; Lazic, B.; Fisch, M.; Armbruster, T.; Langner, R.; Fechtelkord, M.; Kim, N.; Pettke,
T.; Weppner, W. Crystal Chemistry and Stability of “Li 7 La 3 Zr 2 O 12 ” Garnet: A Fast Lithium-Ion
Conductor. Inorg. Chem. 2011, 50, 1089-1097. https://doi.org/10.1021/ic101914e.

77. Jin, Y.; McGinn, P.J. Al-Doped Li7La3Zr2012 Synthesized by a Polymerized Complex Method. J. Power
Sources 2011, 196, 8683-8687. https://doi.org/10.1016/j.jpowsour.2011.05.065.

78. Wang, C,; Fu, K,; Kammampata, S.P.; McOwen, D.W.; Samson, A.J.; Zhang, L.; Hitz, G.T.; Nolan, A.M,;
Wachsman, E.D.; Mo, Y.; et al. Garnet-Type Solid-State Electrolytes: Materials, Interfaces, and Batteries.
Chem. Rev. 2020, 120, 4257-4300. https://doi.org/10.1021/acs.chemrev.9b00427.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

34

79. Thangadurai, V.; Weppner, W. Lic ALa2Ta2 O 12 (A = Sr, Ba): Novel Garnet-Like Oxides for Fast Lithium
Ion Conduction. Adv Funct Mater. 2005, 15, 107-112. https://doi.org/10.1002/adfm.200400044.

80. Rettenwander, D.; Wagner, R.; Reyer, A.; Bonta, M.; Cheng, L.; Doeff, M.M.; Limbeck, A.; Wilkening, M.;
Amthauer, G. Interface Instability of Fe-Stabilized Li 7 La s Zr 2 O 12 versus Li Metal. ]. Phys. Chem. C 2018,
122, 3780-3785. https://doi.org/10.1021/acs.jpcc.7b12387.

81. Kotobuki, M.; Munakata, H.; Kanamura, K.; Sato, Y.; Yoshida, T. Compatibility of Li[Sub 7]La[Sub 3]Zr[Sub
2]O[Sub 12] Solid Electrolyte to All-Solid-State Battery Using Li Metal Anode. J. Electrochem. Soc. 2010, 157,
A1076. https://doi.org/10.1149/1.3474232.

82. Monroe, C.; Newman, J. The Impact of Elastic Deformation on Deposition Kinetics at Lithium/Polymer
Interfaces. J. Electrochem. Soc. 2005, 152, A396. https://doi.org/10.1149/1.1850854.

83. Ni, J.E,; Case, E.D.; Sakamoto, ].S.; Rangasamy, E.; Wolfenstine, ].B. Room Temperature Elastic Moduli and
Vickers Hardness of Hot-Pressed LLZO Cubic Garnet. | Mater Sci 2012, 47, 7978-7985.
https://doi.org/10.1007/s10853-012-6687-5.

84. Shen, F.; Dixit, M.B.; Xiao, X.; Hatzell, K.B. Effect of Pore Connectivity on Li Dendrite Propagation within
LLZO Electrolytes Observed with Synchrotron X-Ray Tomography. ACS Energy Lett. 2018, 3, 1056-1061.
https://doi.org/10.1021/acsenergylett.8b00249.

85. Tsai, C.-L.; Roddatis, V.; Chandran, C.V.; Ma, Q.; Uhlenbruck, S.; Bram, M.; Heitjans, P.; Guillon, O. Liz La
3 Zr 2 O 12 Interface Modification for Li Dendrite Prevention. ACS Appl. Mater. Interfaces 2016, 8, 10617—
10626. https://doi.org/10.1021/acsami.6b00831.

86. Cheng, EJ.; Sharafi, A.; Sakamoto, ]J. Intergranular Li Metal Propagation through Polycrystalline
Li6.25A10.25La3Zr2012 Ceramic Electrolyte. Electrochim. Acta 2017, 223, 85-91.
https://doi.org/10.1016/j.electacta.2016.12.018.

87. Shen, X,; Zhang, Q.; Ning, T.; Liu, T.; Luo, Y.; He, X;; Luo, Z; Lu, A. Critical Challenges and Progress of
Solid Garnet Electrolytes for All-Solid-State Batteries. Mater. Today Chem. 2020, 18, 100368.
https://doi.org/10.1016/j.mtchem.2020.100368.

88. Kato, Y,; Hori, S.; Saito, T.; Suzuki, K.; Hirayama, M.; Mitsui, A.; Yonemura, M.; Iba, H.; Kanno, R. High-
Power All-Solid-State Batteries Using Sulfide Superionic Conductors. Nat Energy 2016, 1, 16030.
https://doi.org/10.1038/nenergy.2016.30.

89. Muramatsu, H.; Hayashi, A.; Ohtomo, T.; Hama, S.; Tatsumisago, M. Structural Change of Li2S-P2S5
Sulfide Solid Electrolytes in the Atmosphere. Solid State Ion. 2011, 182, 116-119.
https://doi.org/10.1016/j.ss1.2010.10.013.

90. Tatsumisago, M.; Hayashi, A. Sulfide Glass-Ceramic Electrolytes for All-Solid-State Lithium and Sodium
Batteries. Int | Appl Glass Sci 2014, 5, 226-235. https://doi.org/10.1111/ijag.12084.

91. Kamaya, N.; Homma, K.; Yamakawa, Y.; Hirayama, M.; Kanno, R.; Yonemura, M.; Kamiyama, T.; Kato, Y.;
Hama, S.; Kawamoto, K, et al. A Lithium Superionic Conductor. Nat. Mater 2011, 10, 682-686.
https://doi.org/10.1038/nmat3066.

92. Zhang, Q.; Cao, D.; Ma, Y.; Natan, A.; Aurora, P.; Zhu, H. Sulfide-Based Solid-State Electrolytes: Synthesis,
Stability, and Potential for All-Solid-State Batteries. ~Adv. Mater. 2019, 31, 1901131.
https://doi.org/10.1002/adma.201901131.

93. Seino, Y.; Ota, T.; Takada, K.; Hayashi, A.; Tatsumisago, M. A Sulphide Lithium Super Ion Conductor Is
Superior to Liquid Ion Conductors for Use in Rechargeable Batteries. Energy Environ. Sci. 2014, 7, 627-631.
https://doi.org/10.1039/C3EE41655K.

94. Dietrich, C.; Weber, D.A.; Sedlmaier, S.J.; Indris, S.; Culver, S.P.; Walter, D.; Janek, J.; Zeier, W.G. Lithium
Ion Conductivity in Li 2 S-P 2 S 5 Glasses—Building Units and Local Structure Evolution during the
Crystallization of Superionic Conductors Li3 PS4, Li7zP3S 1 and Li4 P2 S 7. J. Mater. Chem. A 2017, 5,
18111-18119. https://doi.org/10.1039/C7TA06067].

95. Mizuno, F.; Hayashi, A.; Tadanaga, K.; Tatsumisago, M. High Lithium Ion Conducting Glass-Ceramics in
the System Li2S-P2S5. Solid State Ion. 2006, 177, 2721-2725. https://doi.org/10.1016/j.ss1.2006.04.017.

96. Chen, S; Xie, D,; Liu, G.; Mwizerwa, ].P.; Zhang, Q.; Zhao, Y.; Xu, X.; Yao, X. Sulfide Solid Electrolytes for
All-Solid-State Lithium Batteries: Structure, Conductivity, Stability and Application. Energy Storage Mater.
2018, 14, 58-74. https://doi.org/10.1016/j.ensm.2018.02.020.

97. Jung, Y.S; Oh, D.Y,; Nam, Y]J; Park, K.H. Issues and Challenges for Bulk-Type All-Solid-State
Rechargeable Lithium Batteries Using Sulfide Solid Electrolytes. Isr. . Chem. 2015, 55, 472-485.
https://doi.org/10.1002/ijch.201400112.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

35

98. Tatsumisago, M.; Hayashi, A. Superionic Glasses and Glass-Ceramics in the Li25-P2S5 System for All-
Solid-State Lithium Secondary Batteries. Solid State Ion. 2012, 225, 342-345.
https://doi.org/10.1016/j.ss1.2012.03.013.

99. Ohno, S.; Banik, A.; Dewald, G.F.; Kraft, M.A.; Krauskopf, T.; Minafra, N.; Till, P.; Weiss, M.; Zeier, W.G.
Materials Design of Ionic Conductors for Solid State Batteries. Prog. Energy 2020, 2, 022001.
https://doi.org/10.1088/2516-1083/ab73dd.

100. Deiseroth, H.; Kong, S.; Eckert, H.; Vannahme, J.; Reiner, C.; Zaif, T.; Schlosser, M. Li s PS 5 X: A Class of
Crystalline Li-Rich Solids with an Unusually High Li * Mobility. Angew Chem Int Ed 2008, 47, 755-758.
https://doi.org/10.1002/anie.200703900.

101. Zhou, L.; Park, K.-H.; Sun, X,; Lalére, F.; Adermann, T.; Hartmann, P.; Nazar, L.F. Solvent-Engineered
Design of Argyrodite Li ¢ PS s X (X = Cl, Br, I) Solid Electrolytes with High Ionic Conductivity. ACS Energy
Lett. 2019, 4, 265-270. https://doi.org/10.1021/acsenergylett.8b01997.

102. Bai, X.; Duan, Y.; Zhuang, W.; Yang, R.; Wang, J. Research Progress in Li-Argyrodite-Based Solid-State
Electrolytes. J. Mater. Chem. A 2020, 8, 25663-25686. https://doi.org/10.1039/DO0TA08472G.

103. Zulfiqar, Z.; Zulfiqar, S.; Abbas, Q.; Mirzaeian, M.; Raza, R. Potential Electrolytes for Solid State Batteries
and Its Electrochemical Analysis— A Review. Energy Storage 2023, est2.506. https://doi.org/10.1002/est2.506.

104. Chattopadhyay, J.; Pathak, T.S.; Santos, D.M.F. Applications of Polymer Electrolytes in Lithium-Ion
Batteries: A Review. Polymers 2023, 15, 3907. https://doi.org/10.3390/polym15193907.

105. Zhang, Q.; Liu, K,; Ding, F.; Liu, X. Recent Advances in Solid Polymer Electrolytes for Lithium Batteries.
Nano Res. 2017, 10, 4139-4174. https://doi.org/10.1007/s12274-017-1763-4.

106. Kalhoff, J.; Eshetu, G.G.; Bresser, D.; Passerini, S. Safer Electrolytes for Lithium-Ion Batteries: State of the
Art and Perspectives. ChemSusChem 2015, 8, 2154-2175. https://doi.org/10.1002/cssc.201500284.

107. Iojoiu, C.; Paillard, E. Solid-State Batteries with Polymer Electrolytes; Bard, A.]., Wiley, 2007;.

108. Manuel Stephan, A.; Nahm, K.S. Review on Composite Polymer Electrolytes for Lithium Batteries. Polymer
2006, 47, 5952-5964. https://doi.org/10.1016/j.polymer.2006.05.069.

109. Benrabah, D.; Baril, D.; Sanchez, J.-Y.; Armand, M.; Gard, G.G. Comparative Electrochemical Study of New
Poly(Oxyethylene)-Li Salt Complexes. |. Chem. Soc., Faraday Trans. 1993, 89, 355-359.
https://doi.org/10.1039/FT9938900355.

110. Fang, Z.;Ma, Q.; Liu, P.; Ma, ].; Hu, Y.-S.; Zhou, Z.; Li, H.; Huang, X.; Chen, L. Novel Concentrated Li[(FSO
2 )(n-C 4+ F 9 SO 2 )N]-Based Ether Electrolyte for Superior Stability of Metallic Lithium Anode. ACS Appl.
Mater. Interfaces 2017, 9, 4282-4289. https://doi.org/10.1021/acsami.6b03857.

111. Chakrabarti, A.; Filler, R.; Mandal, B.K. Synthesis and Properties of a New Class of Fluorine-Containing
Dilithium  Salts for Lithium-lon Batteries. Solid  State Ion. 2010, 180, 1640-1645.
https://doi.org/10.1016/j.551.2009.10.015.

112. Ganapatibhotla, L.V.N.R.; Maranas, ].K. Interplay of Surface Chemistry and Ion Content in Nanoparticle-
Filled Solid Polymer Electrolytes. Macromolecules 2014, 47, 3625-3634. https://doi.org/10.1021/ma500072j.

113. Appetecchi, G.B.; Passerini, S. PEO-Carbon Composite Lithium Polymer Electrolyte. Electrochim. Acta 2000,
45, 2139-2145. https://doi.org/10.1016/S0013-4686(99)00437-5.

114. Scrosati, B. Progress in Lithium Polymer Battery R&D. . Power Sources 2001, 100, 93-100.
https://doi.org/10.1016/S0378-7753(01)00886-2.

115. Osada, I.; de Vries, H.; Scrosati, B.; Passerini, S. Ionic-Liquid-Based Polymer Electrolytes for Battery
Applications. Angew Chem Int Ed 2016, 55, 500-513. https://doi.org/10.1002/anie.201504971.

116. Cheng, S.; Smith, D.M.; Pan, Q.; Wang, S.; Li, C.Y. Anisotropic Ion Transport in Nanostructured Solid
Polymer Electrolytes. RSC Adv. 2015, 5, 48793-48810. https://doi.org/10.1039/C5RA05240H.

117. Wang, M.; Zhang, H.; Li, Y,; Liu, R.; Yang, H. Accelerated Ion Transportation in Liquid Crystalline Polymer
Networks for Superior Solid-State Lithium Metal Batteries. Chem. Eng. ]. 2023, 476, 146658.
https://doi.org/10.1016/j.cej.2023.146658.

118. Luo, D.; Li, M,; Zheng, Y.; Ma, Q.; Gao, R.; Zhang, Z.; Dou, H.; Wen, G; Shui, L.; Yu, A.; et al. Electrolyte
Design for Lithium Metal Anode-Based Batteries Toward Extreme Temperature Application. Adv. Sci. 2021,
8, 2101051. https://doi.org/10.1002/advs.202101051.

119. An, S.Y.; Wu, X,; Zhao, Y.; Liu, T.; Yin, R;; Ahn, ].H.; Walker, L.M.; Whitacre, ].F.; Matyjaszewski, K. Highly
Conductive Polyoxanorbornene-Based Polymer Electrolyte for Lithium-Metal Batteries. Adv. Sci. 2023, 10,
2302932. https://doi.org/10.1002/advs.202302932.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

36

120. Asano, T.; Sakai, A.; Ouchi, S.; Sakaida, M.; Miyazaki, A.; Hasegawa, S. Solid Halide Electrolytes with High
Lithium-Ion Conductivity for Application in 4 V Class Bulk-Type All-Solid-State Batteries. Adv. Mater.
2018, 30, 1803075. https://doi.org/10.1002/adma.201803075.

121. Long, L.; Wang, S.; Xiao, M.; Meng, Y. Polymer Electrolytes for Lithium Polymer Batteries. ]. Mater. Chem.
A 2016, 4, 10038-10069. https://doi.org/10.1039/C6TA02621D.

122. Grundish, N.S.; Goodenough, ].B.; Khani, H. Designing Composite Polymer Electrolytes for All-Solid-State
Lithium Batteries. Curr. Opin. Electrochem. 2021, 30, 100828. https://doi.org/10.1016/j.coelec.2021.100828.

123. Dirican, M,; Yan, C.; Zhu, P.; Zhang, X. Composite Solid Electrolytes for All-Solid-State Lithium Batteries.
Mater. Sci. Eng. R: Rep. 2019, 136, 27-46. https://doi.org/10.1016/j.mser.2018.10.004.

124. Pitawala, H.M.].C.; Dissanayake, M.A.K.L.; Seneviratne, V.A.; Mellander, B.-E.; Albinson, I. Effect of
Plasticizers (EC or PC) on the Ionic Conductivity and Thermal Properties of the (PEO)9LiTf: Al203
Nanocomposite Polymer Electrolyte System. ] Solid State Electrochem 2008, 12, 783-789.
https://doi.org/10.1007/s10008-008-0505-7.

125. Shi, Y.; Tan, D.; Li, M.; Chen, Z. Nanohybrid Electrolytes for High-Energy Lithium-Ion Batteries: Recent
Advances and Future Challenges. Nanotechnology 2019, 30, 302002. https://doi.org/10.1088/1361-
6528/ab0fb2.

126. Hallinan, D.T.; Villaluenga, I.; Balsara, N.P. Polymer and Composite Electrolytes. MRS Bull. 2018, 43, 759-
767. https://doi.org/10.1557/mrs.2018.212.

127. Wang, W.; Yi, E,; Fici, A.J.; Laine, RM.; Kieffer, J. Lithium Ion Conducting Poly(Ethylene Oxide)-Based
Solid Electrolytes Containing Active or Passive Ceramic Nanoparticles. J. Phys. Chem. C 2017, 121, 2563—
2573. https://doi.org/10.1021/acs.jpcc.6b11136.

128. Liu, W.; Liu, N.; Sun, J.; Hsu, P.-C.; Li, Y.; Lee, H.-W.; Cui, Y. Ionic Conductivity Enhancement of Polymer
Electrolytes with Ceramic Nanowire Fillers. Nano Lett. 2015, 15, 2740-2745.
https://doi.org/10.1021/acs.nanolett.5b00600.

129. Fu, K. (Kelvin); Gong, Y.; Dai, J.; Gong, A.; Han, X.; Yao, Y.; Wang, C.; Wang, Y.; Chen, Y.; Yan, C,; et al.
Flexible, Solid-State, Ion-Conducting Membrane with 3D Garnet Nanofiber Networks for Lithium
Batteries. Proc. Natl. Acad. Sci. U.S.A. 2016, 113, 7094-7099. https://doi.org/10.1073/pnas.1600422113.

130. Vargas-Barbosa, N.M.; Roling, B. Dynamic Ion Correlations in Solid and Liquid Electrolytes: How Do They
Affect Charge and Mass Transport? ChemElectroChem 2020, 7, 367-385.
https://doi.org/10.1002/celc.201901627.

131. Park, K;; Yu, B.-C,; Jung, J.-W.; Li, Y.; Zhou, W.; Gao, H.; Son, S.; Goodenough, J.B. Electrochemical Nature
of the Cathode Interface for a Solid-State Lithium-Ion Battery: Interface between LiCoO 2 and Garnet-Li »
La 3 Zr 2 O 12. Chem. Mater. 2016, 28, 8051-8059. https://doi.org/10.1021/acs.chemmater.6b03870.

132. Schwietert, T.K.; Arszelewska, V.A.; Wang, C.; Yu, C.; Vasileiadis, A.; De Klerk, N.J.J.; Hageman, ]J.; Hupfer,
T.; Kerkamm, I.; Xu, Y.; et al. Clarifying the Relationship between Redox Activity and Electrochemical
Stability in Solid Electrolytes. Nat. Mater. 2020, 19, 428-435. https://doi.org/10.1038/s41563-019-0576-0.

133. Woolley, H.M.; Vargas-Barbosa, N.M. Hybrid Solid Electrolyte-Liquid Electrolyte Systems for (Almost)
Solid-State Batteries: Why, How, and Where To? | Mater. Chem. A 2023, 11, 1083-1097.
https://doi.org/10.1039/D2TA02179].

134. Vivek, ].P.; Meddings, N.; Garcia-Araez, N. Negating the Interfacial Resistance between Solid and Liquid
Electrolytes for Next-Generation Lithium Batteries. ACS Appl. Mater. Interfaces 2022, 14, 633-646.
https://doi.org/10.1021/acsami.1c17247.

135. Gupta, A.; Kazyak, E.; Dasgupta, N.P.; Sakamoto, J. Electrochemical and Surface Chemistry Analysis of
Lithium Lanthanum Zirconium Tantalum Oxide (LLZTO)/Liquid Electrolyte (LE) Interfaces. J. Power
Sources 2020, 474, 228598. https://doi.org/10.1016/j.jpowsour.2020.228598.

136. Hatz, A.-K,; Calaminus, R.; Feijoo, ].; Treber, F.; Blahusch, J.; Lenz, T.; Reichel, M.; Karaghiosoff, K.; Vargas-
Barbosa, N.M.; Lotsch, B.V. Chemical Stability and Ionic Conductivity of LGPS-Type Solid Electrolyte
Tetra-Li 7 SiPS s after Solvent Treatment. ACS Appl. Energy Mater. 2021, 4, 9932-9943.
https://doi.org/10.1021/acsaem.1c01917.

137. Balaish, M.; Gonzalez-Rosillo, J.C.; Kim, K.J.; Zhu, Y.; Hood, Z.D.; Rupp, J.L.M. Processing Thin but Robust
Electrolytes for Solid-State Batteries. Nat Energy 2021, 6, 227-239. https://doi.org/10.1038/541560-020-00759-
5.

138. Moitzheim, S.; Put, B.; Vereecken, P.M. Advances in 3D Thin-Film Li-Ion Batteries. Adv Mater. Inter 2019,
6, 1900805. https://doi.org/10.1002/admi.201900805.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

37

139. Sahal, M.; Molloy, J.; Narayanan, V.R.; Ladani, L.; Lu, X.; Rolston, N. Robust and Manufacturable Lithium
Lanthanum Titanate-Based Solid-State Electrolyte Thin Films Deposited in Open Air. ACS Omega 2023, 8,
28651-28662. https://doi.org/10.1021/acsomega.3c03114.

140. Li, Y,; Sun, Z.; Yuan, X,; Jin, H.; Zhao, Y. NaBr-Assisted Sintering of Na 3 Zr 2 5i 2 PO 12 Ceramic Electrolyte
Stabilizes a Rechargeable Solid-State Sodium Metal Battery. ACS Appl. Mater. Interfaces 2023, 15, 49321-
49328. https://doi.org/10.1021/acsami.3c13483.

141. Lin, C.; Thrig, M.; Kung, K.; Chen, H.; Scheld, W.S.; Ye, R.; Finsterbusch, M.; Guillon, O.; Lin, S. Low-
Temperature Sintering of Li0.33La0.55TiO3 Electrolyte for All-Solid-State Li Batteries. J. Eur. Ceram. Soc.
2023, 43, 7543-7552. https://doi.org/10.1016/j.jeurceramsoc.2023.08.018.

142. Ramos, E.; Browar, A.; Roehling, J.; Ye, ]. CO 2 Laser Sintering of Garnet-Type Solid-State Electrolytes. ACS
Energy Lett. 2022, 7, 3392-3400. https://doi.org/10.1021/acsenergylett.2c01630.

143. Chen, A.; Qu, C; Shi, Y.; Shi, F. Manufacturing Strategies for Solid Electrolyte in Batteries. Front. Energy
Res. 2020, 8, 571440. https://doi.org/10.3389/fenrg.2020.571440.

144. Zhang, H.; Li, C; Piszcz, M.; Coya, E.; Rojo, T.; Rodriguez-Martinez, L.M.; Armand, M.; Zhou, Z. Single
Lithium-Ion Conducting Solid Polymer Electrolytes: Advances and Perspectives. Chem. Soc. Rev. 2017, 46,
797-815. https://doi.org/10.1039/C6CS00491A.

145. Kim, J.G.; Son, B.; Mukherjee, S.; Schuppert, N.; Bates, A.; Kwon, O.; Choi, M.J.; Chung, H.Y.; Park, S. A
Review of Lithium and Non-Lithium Based Solid State Batteries. ]. Power Sources 2015, 282, 299-322.
https://doi.org/10.1016/j.jpowsour.2015.02.054.

146. Chen, A.-N.; Wu, J.-M,; Liu, K;; Chen, J.-Y.; Xiao, H.; Chen, P.; Li, C.-H.; Shi, Y.-S. High-Performance
Ceramic Parts with Complex Shape Prepared by Selective Laser Sintering: A Review. Adv. Appl. Ceram.
2018, 117, 100-117. https://doi.org/10.1080/17436753.2017.1379586.

147. Gao, X.; Zheng, M.; Yang, X; Sun, R.; Zhang, J.; Sun, X. Emerging Application of 3D-Printing Techniques
in  Lithium  Batteries: From Liquid to Solid. Mater. Today 2022, 59, 161-181.
https://doi.org/10.1016/j.mattod.2022.07.016.

148. Chen, C.; Zuo, Y.; Ye, W.; Li, X;; Deng, Z.; Ong, S.P. A Critical Review of Machine Learning of Energy
Materials. Adv. Energy Mater. 2020, 10, 1903242. https://doi.org/10.1002/aenm.201903242.

149. Xu, Z.; Xia, Y. Progress, Challenges and Perspectives of Computational Studies on Glassy Superionic
Conductors  for  Solid-State  Batteries. J.  Mater. Chem. A 2022, 10, 11854-11880.
https://doi.org/10.1039/D2TA02321K.

150. Garcia-Mendez, R.; Smith, ].G.; Neuefeind, J.C.; Siegel, D.J.; Sakamoto, J. Correlating Macro and Atomic
Structure with Elastic Properties and Ionic Transport of Glassy Li2 S-P 2 S5 (LPS) Solid Electrolyte for Solid-
State Li Metal Batteries. Adv. Energy Mater. 2020, 10, 2000335. https://doi.org/10.1002/aenm.202000335.

151. Sadowski, M.; Albe, K. Computational Study of Crystalline and Glassy Lithium Thiophosphates: Structure,
Thermodynamic Stability and Transport Properties. |. Power Sources 2020, 478, 229041.
https://doi.org/10.1016/j.jpowsour.2020.229041.

152. Smith, J.G.; Siegel, D.J. Low-Temperature Paddlewheel Effect in Glassy Solid Electrolytes. Nat Commun
2020, 11, 1483. https://doi.org/10.1038/s41467-020-15245-5.

153. Cangaz, S.; Hippauf, F.; Reuter, F.S.; Doerfler, S.; Abendroth, T.; Althues, H.; Kaskel, S. Enabling High-
Energy Solid-State Batteries with Stable Anode Interphase by the Use of Columnar Silicon Anodes. Adv.
Energy Mater. 2020, 10, 2001320. https://doi.org/10.1002/aenm.202001320.

154. Xi, L.; Zhang, D.; Xu, X.; Wu, Y,; Li, F;; Yao, S.; Zhu, M.; Liu, J. Interface Engineering of All-Solid-State
Batteries Based on Inorganic Solid Electrolytes. ChemSusChem 2023, 16, e202202158.
https://doi.org/10.1002/cssc.202202158.

155. Aktekin, B.; Riegger, L.M.; Otto, S.-K.; Fuchs, T.; Henss, A.; Janek, J. SEI Growth on Lithium Metal Anodes
in Solid-State Batteries Quantified with Coulometric Titration Time Analysis. Nat Commun 2023, 14, 6946.
https://doi.org/10.1038/s41467-023-42512-y.

156. Yao, Z.; Wang, Y.; Wan, S.; Ma, W.; Rong, J.; Xiao, Y.; Hou, G.; Chen, S. Recent Advances in Designing
Solid-State Electrolytes to Reduce the Working Temperature of Lithium Batteries. Mater. Chem. Front. 2023,
7, 6061-6084. https://doi.org/10.1039/D3QMO00662].

157. Huang, Y.; Shao, B.; Wang, Y.; Han, F. Solid-State Silicon Anode with Extremely High Initial Coulombic
Efficiency. Energy Environ. Sci. 2023, 16, 1569-1580. https://doi.org/10.1039/D2EE04057C.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

38

158. Li, H.; Yamaguchi, T.; Matsumoto, S.; Hoshikawa, H.; Kumagai, T.; Okamoto, N.L.; Ichitsubo, T.
Circumventing Huge Volume Strain in Alloy Anodes of Lithium Batteries. Nat Commun 2020, 11, 1584.
https://doi.org/10.1038/s41467-020-15452-0.

159. Cui, Y. Silicon Anodes. Nat Energy 2021, 6, 995-996. https://doi.org/10.1038/s41560-021-00918-2.

160. Zhang, H.; Zhao, S.; Huang, F. A Comparative Overview of Carbon Anodes for Nonaqueous Alkali Metal-
Ion Batteries. J. Mater. Chem. A 2021, 9, 27140-27169. https://doi.org/10.1039/D1TA07962].

161. Yan, W.; Mu, Z,; Wang, Z.; Huang, Y.; Wu, D,; Lu, P; Ly, J; Xu, J.; Wu, Y.; Ma, T.; et al. Hard-Carbon-
Stabilized Li-Si Anodes for High-Performance All-Solid-State Li-Ion Batteries. Nat Energy 2023, 8, 800-813.
https://doi.org/10.1038/s41560-023-01279-8.

162. Li, W.; Tchelepi, H.A.; Tartakovsky, D.M. Screening of Electrolyte-Anode Buffers to Suppress Lithium
Dendrite Growth in  All-Solid-State  Batteries. ].  Electrochem. Soc. 2023, 170, 050510.
https://doi.org/10.1149/1945-7111/acd0da.

163. Singh, D.K.; Fuchs, T.; Krempaszky, C.; Mogwitz, B.; Burkhardt, S.; Richter, F.H.; Janek, ]J. Overcoming
Anode Instability in Solid-State Batteries through Control of the Lithium Metal Microstructure. Adv Funct
Mater. 2023, 33, 2211067. https://doi.org/10.1002/adfm.202211067.

164. Cronau, M.; Szabo, M.; Renz, D.; Duchardt, M.; Pescara, L.P.; Roling, B. Deposition-Type Lithium Metal
All-Solid-State Batteries: About the Importance of Stack-Pressure Control and the Benefits of Hot Pressing
during Initial Cycling. Adv Mater. Inter 2023, 10, 2202475. https://doi.org/10.1002/admi.202202475.

165. Deng, C.; Chen, N.; Hou, C.; Liu, H,; Zhou, Z.; Chen, R. Enhancing Interfacial Contact in Solid-State
Batteries with a Gradient Composite Solid Electrolyte.  Small 2021, 17, 2006578.
https://doi.org/10.1002/smll.202006578.

166. Deysher, G.; Chen, Y.-T.; Sayahpour, B.; Lin, S.W.-H.; Ham, S.-Y.; Ridley, P.; Cronk, A.; Wu, E.A,; Tan,
D.H.S.; Doux, J.-M.; et al. Evaluating Electrolyte—~Anode Interface Stability in Sodium All-Solid-State
Batteries. ACS Appl. Mater. Interfaces 2022, 14, 47706-47715. https://doi.org/10.1021/acsami.2¢c12759.

167. Cao, D.; Ji, T.; Wei, Z.; Liang, W.; Bai, R.; Burch, K.S.; Geiwitz, M.; Zhu, H. Enhancing Lithium Stripping
Efficiency in Anode-Free Solid-State Batteries through Self-Regulated Internal Pressure. Nano Lett. 2023, 23,
9392-9398. https://doi.org/10.1021/acs.nanolett.3c02713.

168. Wu, B.; Chen, C; Danilov, D.L.; Chen, Z.; Jiang, M.; Eichel, R.; Notten, P.H.L. Dual Additives for Stabilizing
Li Deposition and SEI Formation in Anode-Free Li-Metal Batteries. Energy Amp; Env. Mater. 2023, e12642.
https://doi.org/10.1002/eem?2.12642.

169. Zhang, Z.; Chen, S.; Yang, J.; Wang, J.; Yao, L.; Yao, X,; Cui, P.; Xu, X. Interface Re-Engineering of Li 10 GeP
2 S 12 Electrolyte and Lithium Anode for All-Solid-State Lithium Batteries with Ultralong Cycle Life. ACS
Appl. Mater. Interfaces 2018, 10, 2556-2565. https://doi.org/10.1021/acsami.7b16176.

170. Humana, R.M.; Ortiz, M.G.; Thomas, J.E.; Real, S.G.; Sedlarikova, M.; Vondrak, J.; Visintin, A.
Characterization of Anodes for Lithium-lon Batteries. | Solid State Electrochem 2016, 20, 1053-1058.
https://doi.org/10.1007/s10008-015-3004-7.

171. Wang, Y.; Liu, Y.; Nguyen, M.; Cho, J.; Katyal, N.; Vishnugopi, B.S.; Hao, H.; Fang, R.; Wu, N.; Liu, P.; et
al. Stable Anode-Free All-Solid-State Lithium Battery through Tuned Metal Wetting on the Copper Current
Collector. Adv. Mater. 2023, 35, 2206762. https://doi.org/10.1002/adma.202206762.

172. Garcia-Calvo, O.; Gutiérrez-Pardo, A.; Combarro, I.; Orue, A.; Lopez-Aranguren, P.; Urdampilleta, I;
Kvasha, A. Selection and Surface Modifications of Current Collectors for Anode-Free Polymer-Based Solid-
State Batteries. Front. Chem. 2022, 10, 934365. https://doi.org/10.3389/fchem.2022.934365.

173. Xia, H.; Wang, D.; Wang, Y.; Fu, Z. Study on Stable Lithiophilic Ag Modification Layer on Copper Current
Collector for High Coulombic-Efficiency Lithium Metal Anode. ]. Electrochem. Soc. 2023, 170, 060546.
https://doi.org/10.1149/1945-7111/acd87e.

174. Fuchs, T.; Haslam, C.G.; Moy, A.C,; Lerch, C.; Krauskopf, T.; Sakamoto, ].; Richter, F.H.; Janek, J. Increasing
the Pressure-Free Stripping Capacity of the Lithium Metal Anode in Solid-State-Batteries by Carbon
Nanotubes. Adv. Energy Mater. 2022, 12, 2201125. https://doi.org/10.1002/aenm.202201125.

175. Li, M.M,; Tripathi, S.; Polikarpov, E.; Canfield, N.L.; Han, K.S.; Weller, ] M.; Buck, E.C.; Engelhard, M.H,;
Reed, D.M.; Sprenkle, V.L.; et al. Interfacial Engineering with a Nanoparticle-Decorated Porous Carbon
Structure on B"-Alumina Solid-State Electrolytes for Molten Sodium Batteries. ACS Appl. Mater. Interfaces
2022, 14, 25534-25544. https://doi.org/10.1021/acsami.2c05245.


https://doi.org/10.20944/preprints202401.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 doi:10.20944/preprints202401.0401.v1

39

176. Liu, X.; Shi, J.; Zheng, B.; Chen, Z.; Su, Y.; Zhang, M.; Xie, C.; Su, M.; Yang, Y. Constructing a High-Energy
and Durable Single-Crystal NCM811 Cathode for All-Solid-State Batteries by a Surface Engineering
Strategy. ACS Appl. Mater. Interfaces 2021, 13, 41669-41679. https://doi.org/10.1021/acsami.1c11419.

177. Wang, C,; Sun, X,; Yang, L.; Song, D.; Wu, Y.; Ohsaka, T.; Matsumoto, F.; Wu, ]. In Situ Ion-Conducting
Protective Layer Strategy to Stable Lithium Metal Anode for All-Solid-State Sulfide-Based Lithium Metal
Batteries. Adv Mater. Inter 2021, 8, 2001698. https://doi.org/10.1002/admi.202001698.

178. Fan, Z; Ding, B.; Li, Z; Hu, B.; Xu, C; Xu, C,; Dou, H.; Zhang, X. Long-Cycling All-Solid-State Batteries
Achieved by 2D Interface between Prelithiated Aluminum Foil Anode and Sulfide Electrolyte. Small 2022,
18, 2204037. https://doi.org/10.1002/sml1.202204037.

179. Huang, W.; Zhao, C.; Wu, P.; Yuan, H.; Feng, W.; Liu, Z; Lu, Y.; Sun, S.; Fu, Z,; Hu, J.; et al. Anode-Free
Solid-State ~ Lithium  Batteries: A  Review. Adv. Energy  Mater. 2022, 12, 2201044.
https://doi.org/10.1002/aenm.202201044.

180. Miao, X.; Wang, H.; Sun, R.; Wang, C.; Zhang, Z; Li, Z,; Yin, L. Interface Engineering of Inorganic Solid-
State Electrolytes for High-Performance Lithium Metal Batteries. Energy Environ. Sci. 2020, 13, 3780-3822.
https://doi.org/10.1039/DOEE01435D.

181. Wu, E.A; Kompella, C.S.; Zhu, Z.; Lee, ].Z.; Lee, S.C.; Chu, I.-H.; Nguyen, H.; Ong, S.P.; Banerjee, A.; Meng,
Y.S. New Insights into the Interphase between the Na Metal Anode and Sulfide Solid-State Electrolytes: A
Joint Experimental and Computational Study. ACS Appl. Mater. Interfaces 2018, 10, 10076-10086.
https://doi.org/10.1021/acsami.7b19037.

182. Shinde, S.S.; Wagh, N.K,; Kim, S.; Lee, J.; Li, Na, K, Mg, Zn, Al, and Ca Anode Interface Chemistries
Developed by Solid-State Electrolytes. Adv. Sci. 2023, 10, 2304235. https://doi.org/10.1002/advs.202304235.

183. Gao, X,; Xing, Z.; Wang, M.; Nie, C; Shang, Z.; Bai, Z.; Dou, 5.X.; Wang, N. Comprehensive Insights into
Solid-State Electrolytes and Electrode-Electrolyte Interfaces in All-Solid-State Sodium-Ion Batteries. Energy
Storage Mater. 2023, 60, 102821. https://doi.org/10.1016/j.ensm.2023.102821.

184. Li, W.; Lutz, D.M.; Wang, L.; Takeuchi, K.J.; Marschilok, A.C.; Takeuchi, E.S. Peering into Batteries:
Electrochemical Insight Through In Situ and Operando Methods over Multiple Length Scales. Joule 2021, 5,
77-88. https://doi.org/10.1016/j.joule.2020.11.003.

185. Yang, K,; Liu, D.; Qian, Z,; Jiang, D.; Wang, R. Computational Auxiliary for the Progress of Sodium-Ion
Solid-State Electrolytes. ACS Nano 2021, 15, 17232-17246. https://doi.org/10.1021/acsnano.1c07476.

186. Dutra, A.C.C.; Dawson, J.A. Computational Design of Antiperovskite Solid Electrolytes. |. Phys. Chem. C
2023, 127, 18256-18270. https://doi.org/10.1021/acs.jpcc.3c04953.

187. Pu, ].; Shao, H.; Gao, B.; Zhu, Z.; Zhu, Y.; Rao, Y.; Xiang, Y. matExplorer: Visual Exploration on Predicting
Ionic Conductivity for Solid-State Electrolytes. IEEE Trans. Visual. Comput. Graph. 2022, 28, 65-75.
https://doi.org/10.1109/TVCG.2021.3114812.

188. Wang, A.; Kadam, S.; Li, H.; Shi, S.; Qi, Y. Review on Modeling of the Anode Solid Electrolyte Interphase
(SEI) for Lithium-Ion Batteries. npj Comput Mater 2018, 4, 15. https://doi.org/10.1038/s41524-018-0064-0.

189. Xiao, Y.; Miara, L.J.; Wang, Y.; Ceder, G. Computational Screening of Cathode Coatings for Solid-State
Batteries. Joule 2019, 3, 1252-1275. https://doi.org/10.1016/j.joule.2019.02.006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202401.0401.v1

