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Broader context

All-solid-state batteries have garnered increasing interest due to their significant potential for
enhanced safety and energy density. However, the only batteries that can currently power
electrochemical devices are those that use organic liquid electrolytes. To make solid-state batteries
competitive with established technologies, there is a strong need for (electro)chemically stable and
superionic solid electrolytes. Sulfide solid electrolytes are promising candidates for all-solid-state
lithium batteries (ASSBs) due to their high ductility, improved ionic conductivity, and versatile
synthesis methods. Recently, Li argyrodites LicPSsX (X = Cl, Br, I) have been recognized as one
of the most promising sulfide electrolytes, thanks to their intrinsically outstanding structures and
electrochemical stability, addressing existing limitations. However, their advancement is hindered
by significant interfacial incompatibility and rapid dendritic growth. Identifying the factors that
influence the interfaces, examining their properties, and proposing mechanisms to address any
issues are crucial, as these aspects directly or indirectly affect battery performance. In this review,
we explore the factors influencing interfacial phenomena and properties in Li-argyrodite-based
ASSBs while summarizing strategies and proposing future directions for developing these

batteries.
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Abstract DOl 10.10%/‘9%/;?%58‘;5
Sulfide solid electrolyte-based all-solid-state batteries (ASSBs) offer increased safety,
extended cycle life, reduced cost, and increased energy and power density. However, sulfide-
based electrolytes exhibit poor interface stability when they contact active materials (anodes
or cathodes). The issues of low capacity, inefficient coulombic efficiency, huge polarization,
and capacity decay in ASSBs are primarily attributed to sluggish charge transfer kinetics at the
interface caused by chemical interactions, electrochemical degradation, weakening interfacial
mechanical integrity, etc. Identifying the factors that affect the interfaces, studying the
properties of interfaces, and proposing a mechanism to solve the problem are very important,
as these properties directly or indirectly impact battery performance. Although the precise
mechanism underlying these interface issues remains incompletely understood, combining
chemo-mechanical processes and physical and (electro)chemical properties regulate the charge
transfer phenomena at the interfaces. In this review, we identify the factors that affect the
interfacial phenomena and properties of Li-argyrodite-based ASSBs. Meanwhile, we also

summarize the strategies and propose future perspectives to advance Li-argyrodite-based

ASSBS.
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1. Introduction DOI: 10.1039/D5EB00101C

Because of their extended cycle life and greater energy density, lithium-ion batteries are
currently highly desirable power sources for electronic equipment and car batteries. However,
using an organic liquid electrolyte (LE) for some applications restricts working temperatures
and poses safety concerns.!> 2 To alleviate these problems, ASSBs with an inorganic solid
electrolyte are a safer substitute that can store more energy than micro-batteries while also
having good thermal stability.>® The primary concerns with all-solid-state lithium batteries
(ASSLBs) are increasing the ionic conductivity (o) of solid electrolytes (SEs) and ensuring
stability between the SE and electrodes.’-® Due to their relatively fast ion transport at ambient
temperature and a moderate electrochemical stability window (ESW), sulfides have acquired
much interest among various types of SEs.% ° Furthermore, sulfides offer an advantage over
oxides in cell manufacturing because of their ability to be processed in solution and capacity
to deform during cold pressing. The grain boundary resistance of sulfide SEs can be
significantly lowered via cold pressing at ambient temperature, eliminating the need for
elevated temperature sintering. In ASSLBs, the soft property of sulfide SE helps to provide
light contact at the electrode/SE interfaces, inducing a substantial enhancement in cycle
performance. Li-argyrodites have favorable electrochemical characteristics for ASSLBs,
including high 6.°. The electrolyte/electrode interface must be considered despite these various
benefits. It has been previously reported that Li-argyrodite SEs LigPSsX (X= CI, Br, and I)
display interfacial reactivity toward layered oxide cathode materials during cycling. LigPSsX
can undergo oxidization to produce Li,S,, elemental sulfur, P,Ss, phosphates, and LiX.!0-14
Moreover, when the sulfide SEs and layered oxide cathodes interact, space-charge layers (SCL)
and an elemental mutual diffusion occur. An unstable interface causes cell failure and capacity
degradation within ASSBs.!> 16 Parallel to this, LisPSsX's incompatibility with Li metal causes
an unstable anodic interface, resulting in high interfacial resistance. This leads to
unmanageable lithium deposition and results in short circuits. By taking advantage of superior
o, outstanding electrochemical properties, and excellent machinability, it is crucial to boost the
compatibility of LicPSsX and electrodes to inhibit interfacial resistance growth and cell short
circuits. Consequently, it has been claimed that developing novel SEs with a tendency to make

self-limiting interfaces will improve the interfacial stability of SE/electrode.!’

Using Li-argyrodites in a solid-state system offers several interesting benefits over LEs in a
liquid system.!® Firstly, Li-argyrodites can be twisted, punched, and perforated without

worrying about safety issues. Secondly, Li-argyrodites have ultra-high o (approximately 1073
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to 1072 S em™!)!%-20, which is comparable to that of organic LEs (typically around J02S ¢Hitls s 5o
250C).2% 21 This suggests that SE materials have significant potential for next-generation
batteries. Third, Li-argyrodites exhibit greater stability over a wider temperature range than
organic LEs, allowing the ASSBs to run effectively within a temperature interval of -30 to
+160 °C.2% All these properties show Li-argyrodites great promise for next-generation batteries.
However, SE and electrode interfaces pose a significant scientific problem that will prevent the

actual deployment of ASSBs.

In this review, we assess interface issues of Li-argyrodite LigPS;X (X= Cl, Br, and I) electrolyte
for a range of essential aspects: the interface between Li-argyrodites and anode, the interface
between Li-argyrodites and cathode, Li-argyrodite SEs and electrodes assembling issue, and
Li-argyrodites and electrodes contact issue. This review also summarizes several advanced
interface measurement techniques. Finally, we introduce strategies to improve interface

stability and our future perspectives.

2. Interface challenges

Argyrodite-type solid electrolytes, particularly those based on the LigPSsX (X= Cl, Br, and I)
family, are considered promising candidates for ASSLBs due to their high lithium-ion
conductivity, ease of processability, and relatively low synthesis temperatures.”> However,

despite these advantages, their practical application is hindered by significant interface-related

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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between the argyrodite electrolyte and electrode materials.?® * When in contact with high-
voltage cathodes (e.g., NMC, LCO), argyrodites tend to undergo interfacial degradation,
forming resistive interphases due to the decomposition of thiophosphate species.?>?’ This leads
to increased interfacial impedance, reduced ion transport, and poor long-term cycling
performance. In addition, at low potential, argyrodite SEs endures a reduction of phosphorus
(around 1.08 V vs. Li/Li") upon electrochemical lithiation and produces Li,S, LiX and P as a
by-product, making it incompatible with Li metal.28-30 Argyrodite SEs also produces Li,S, LiX

and LisP as a by-product when in contact with Li metal (chemical decomposition).3!

Furthermore, argyrodites often suffer from poor mechanical properties, which can result in

interfacial contact loss during battery operation due to volume changes in active materials or
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insufficient densification during cell assembly. This mechanical mismatch contribytes, fyrfHer

to increased resistance and capacity fading.3?

Therefore, addressing the chemical incompatibility and mechanical instability at the

electrolyte—electrode interfaces is critical for unlocking the full potential of argyrodite-based

ASSLBs.

In ASSLBs, undesirable physical and chemical interactions at corresponding
electrolyte/electrode interfaces generate large gaps between expected and actual performances.

The major issues of electrolyte/electrode interfaces in ASSLBs are depicted in Fig. 1a.

Inadequate contact between the SE and the electrode can limit the effective interfacial area.
For instance, many SEs are inherently lithiophobic due to their high interfacial energy with Li
metal, often resulting in contact angles greater than 90° when in contact with Li. This poor
wettability hinders intimate contact and reduces the area available for efficient Li-ion
transport.>3 Additionally, designing hierarchically interconnected microstructures in non-Li-
based electrodes is challenging, as it demands meticulous control over the shape, size, and
spatial arrangement of the electrolyte, active materials, and electronic conductors. If these
microstructures are not properly optimized, the contact area for charge transfer at the
electrolyte—electrode interface can be substantially diminished.?* Furthermore, the rigid nature
of solid—solid interfaces prevents them from adapting to the volume changes of active materials
during cycling, accumulating mechanical stress. Over time, this cyclic stress can initiate and

propagate cracks at the interface, progressively weakening the interfacial contact.3>

Sluggish charge transfer kinetics at the SE/electrode interface can raise the area-specific
resistance. Side reactions often exacerbate this, which may occur when the electrode's
operating potential lies outside the electrolyte’s electrochemical stability window.?® Such
reactions irreversibly consume the SE and/or electrode materials, producing interphase layers
that are electronically conductive but poorly conductive for Li-ions. These interphases may
promote further parasitic reactions or serve as barriers that impede Li-ion transport across the
interface.?” Additionally, mismatches in Li-ion chemical potential between the electrolyte and
the electrode material can lead to the formation of space charge layers at the interface. These
regions, often characterized by local lithium depletion and reduced ion diffusion coefficients,

further hinder effective Li-ion transport.3?
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Li dendrite growth at the Li/SE interface or within the SE can lead to serious short,cir¢Uits. ;o1
Dendrite formation is driven by uneven electric fields, which are amplified near protrusions on
the lithium surface due to the tip effect and non-uniform Li-ion flux.3° The resistance to
dendrite growth arises from the strain energy needed to deform the SE and the interfacial
energy associated with expanding the contact area. Dendrite growth can occur spontaneously
when the driving forces surpass these resistive barriers. Furthermore, although ideal SEs would
conduct only Li-ions, most current materials exhibit some degree of electronic conductivity. In
highly electron-conductive electrolytes, electrons can migrate from the lithium metal into the
electrolyte, lowering its local electrochemical potential. During charging, this may reduce the

electrolyte’s potential below 0 V vs. Li/Li*, facilitating dendrite nucleation and propagation

through microstructural defects.*

In addition to the issues, the interfacial reactions induced by the thermodynamic instability
between argyrodite SEs and the electrodes are also worth attention. Juergen et al.3! used X-ray
photoelectron spectroscopy (XPS) to confirm that LigPSsX will decompose at the interface due
to the strong reduction of lithium. Some of the LigPSsX decomposed on the surface of lithium
metal to form SEI with the ingredients of decomposition products such as LisP, Li,S, and LiX
(Fig. 1b). The SEI leads increased in interfacial resistance and hinders the conduction of lithium
ions. Further study by Wagemaker et al.’° revealed that the thermodynamic decomposition

reaction of argyrodite SEs with the anode side is not instantaneous. Taking argyrodite LigPSsCl

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

as an example, it was first reduced to the unstable Li;;PSsCl, and then Li;;PS;Cl was further

reduced to Li,S, LiCl, and LisP. In this process, the generated intermediate phases, such as S,
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of the kinetics. The continued decomposition of argyrodite SEs at the interface as the cycle
proceeds is the main reason for the increased interfacial resistance. In argyrodite SE and NCM
interface, due to the affinity of oxygen to react with phosphorus and sulfur, phosphate (POy)
and sulfite/sulfate (SOy) and polysulfide (Sy) fragments are regarded as indicators for oxygen-

involving degradation.*!-44

Narayanan et al.* studied how interfacial impedance changes depending on the applied current
density. To analyze this behavior, they used Nyquist plots and fitted the data using an
equivalent circuit model illustrated in Fig. 1¢.%¢ This circuit consists of a single resistor in series
with three parallel circuits of a resistor and a constant-phase element (CPE) along with an

additional Warburg diffusion (Ws) component. Schlenker et al.*” attribute the inclusion of the
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generated most likely at the interface between the Liln and LPSCI. In this equivalent circuit,
one of the parallel circuits (R,||CPE,) in combination with the individual resistor R; can be
assigned to the bulk and grain boundary resistance, which typically exhibits low effective
capacitances (correlating to the term Qcpr ~ 1079F.s®"!, with a as the constant phase, as
estimated from the CPE component of the electrochemical impedance spectroscopy (EIS)
spectral data fit). The other circuit element pairs (R3||CPE; and Ry4||CPE,) exhibiting relatively
higher effective capacitances (Qcpe ~ 107#-1072F.s* ') can be understood to represent the
LPSCI-Li interface and charge transfer (CT) processes, respectively, as plating begins with the
formation of an SEI.#*8 The variations in impedance can thus be attributed largely to the
interface, which comprises the SEI and CT components represented by the spectra's low-
frequency segment.*-4® The interfacial impedance (R;,) can then be approximated as Ri, =
Rsgr + Rer*®, where Rer is related to the intrinsic kinetics of the system.*-3! Indeed, a plot of
combined resistances from SEI and CT contributions (Fig. 1d) suggests that at low current
densities (in this study, Jos and Joos), the interfacial resistance asymptotically reaches a
minimum. In stark contrast, for Li plating conducted at a significantly higher current density
(J2.5), the interface attains the same minimum resistance almost as soon as Li begins plating.
Notably, the differences in impedance evolution are most prominent over ~50 pAh cm™2 of
charge passed, beyond which the effect diminishes as expected, while plating proceeds to form
a metallic Li layer in both cases. Thus, a rapid drop in interfacial resistance, combined with the
appearance of fully reduced reaction products (LisP in particular) and the presence of a greater
fraction of metallic Li in XPS analyses, all observed within ~10 pAh ¢m™2 of charge passed
during initial stages of plating, strongly suggest the formation of a more uniform and

homogeneous SEI layer as well, for Li plated at high current densities (Fig. 1e).
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Fig. 1 (a) Challenges of SE and electrode interfaces in ASSLBs.5? (b) Scheme illustrating
oxidation and reduction of argyrodite LigPSsX (X = CI, Br, I) SEs when in contact with
electrodes during cycling. Interpretation of EIS spectra. (c) Equivalent circuit used for fitting
the EIS data along with a schematic describing the impedance contributions from the bulk (Rg),
grain boundaries (Rgg), SEI (Rsgy) and charge transfer (Rcr) processes.*% 47 (d) Variation in
interfacial resistance, R;; (Rsgr + Rer), from fitted EIS data as a function of the amount of
charge passed during Li plating at current densities, J,5s = 2.5 mA ecm™2, Jo5 = 0.5 mA cm2,
Jo.os = 0.05 mA cm 2 and Jgo; = 0.01 mA cm2.46:47 (e) Schematic representation of the likely

mechanism of SEI formation and Li plating as a function of applied current density, at J, s

(JHign) and Jo o1 (Jrow).*

As mentioned above, the increase in impedance at the interface between argyrodite SEs and
electrodes is mainly due to interfacial reactions and the accumulation of electrically insulating

byproducts.3!- 33 54 These reactions, particularly at the anode, result in forming an SEI and
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possibly lithium dendrites, both disrupting lithium-ion movement and elevating resistance.The

key mechanisms that lead to a continuous rise in impedance include:

1. Loss of effective contact area: The SEI layer, if not well-adhered and conductive, can
reduce the effective contact area between the electrode and the SE, limiting ion
transport.>>

ii. Insulating reaction products: The formation of insulating byproducts from interfacial
reactions can directly block ion transport pathways, increasing the overall resistance.’
54

iii. Dendrite growth and short circuits: As dendrites grow and penetrate the electrolyte, they
create pathways for current to flow through a non-Faradaic process, significantly
increasing impedance and potentially short circuits.>?

iv. Grain boundary contributions: In SEs, grain boundaries may impede ion flow, particularly

if they are poorly connected or contain structural defects.¢ 37

Furthermore, as particles within the electrode change volume during lithiation/delithiation,
they can move and shift relative to each other, leading to loss of contact and increased
resistance between particles.’® 3° This disrupts the flow of lithium ions within the electrode.
Phase changes in the electrolyte, such as the formation of SEIs, can create barriers to ion
transport.®® These barriers increase the resistance within the electrolyte and impede the
lithium ion transfer between the electrode and the electrolyte. Phase transitions within the
electrode material, such as the shift between different lithium intercalation stages, can
introduce additional resistance.’® 3° These phase transitions often involve structural changes
that hinder the smooth diffusion of lithium ions. Therefore, these dynamic changes within the
battery system create additional interfaces and hinder the efficient movement of lithium ions,
resulting in increased internal resistance, SEI/CEI growth and instability, microstructure

changes, capacity fading, and reduced power density.

Generally, each interface in an ASSB based on stability can be divided into one of three primary
classes®!- 62 (Fig. 2): Type I, a thermodynamically stable interface lacking a reaction driver. The
interface between the solid electrolyte and the electrode is chemically stable under operating
conditions, and there is no driving force (i.e., "reaction driver") that would cause undesirable
chemical reactions at the interface. This means the materials at the interface are stable and
cannot undergo undesirable reactions that could degrade the battery's performance or safety.

Type 11, reacting to generate a mixed ionic—electronic conducting interphase (MCI), a non-

Page 10 of 100
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passivating interphase exhibiting both ionic and electronic conductivity. An MCJ, can, fotats; 0.
through a reaction between the two materials in the interface between an SE and an
electrode. This interphase is characterized by its ability to conduct both ions and electrons, and
it is considered a non-passivating interphase. This means it does not block the flow of electrons
or ions, potentially leading to undesirable side reactions and performance issues. Type III,
reacting to produce stable SEI and negligible electronic conductivity, thereby preventing
additional reactions. When the SE and electrode are not fully chemically or electrochemically
compatible, leading to interfacial reactions that produce a new, passivating layer-the SEI. This
SEI layer is a stable protective barrier that blocks electronic conductivity (acting as an
insulator), and allows for Li-ion transport. By preventing electronic conductivity, the SEI stops
further reactions between the electrode and SE, contributing to battery stability and
longevity. Only type I (stable) and type III (passivating) interfaces can be anticipated to
provide long-range stable battery performances. In type III interfaces, the o of SEI is essential
for overall battery efficiency.®® Although Li-argyrodite SEs have demonstrated impressive
scientific and industrial advances, difficulties still present when sulfide SEs are incorporated
into ASSLBs, particularly when used with high-voltage cathodes and lithium anodes.53-% In
addition, the generalized concept of ASSLB cells is displayed in Fig. 3.

Stable interface Unstable interface SEI formation

e i

Li,S i P LiX
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Fig. 2 Scheme illustrating the three possible types of interfaces between LigPSsX (X = Cl, Br,
I) and lithium.
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Fig. 3 The generalized concept of Li-argyrodite-based ASSLB cell.

Moreover, although SSBs perform well at room and moderate temperatures (5 °C—20 °C)®,
their performance significantly declines at low temperatures (below 0 °C) due to reduced ionic
conductivity in SEs and slower solid-solid interfacial reaction rates.®’-%° These limitations
hinder overall battery efficiency, and their exact causes remain unclear.”® 7! To address this,
Lu et al.”? introduced a systematic test and analysis framework, which identified the primary
limiting factors at low temperatures as sluggish ion movement through the interfacial reaction

layer and impaired charge transport at the degraded surface of the LCO cathode.

To explore the behavior of SSBs in low-temperature conditions, simulation methods provide

crucial insights into their working mechanisms, aiding the advancement of the field. Shen et

11
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al.”? built a two-dimensional model of SSBs using multi-physics simulation sgffware;dhids;01c
discovered that reducing the SE thickness can enhance low-temperature rate performance.
Specifically, with an electrolyte thickness of 0.6 um, the battery retained 99.5% of its capacity
even as the discharge rate increased from 3C to 8C. In interface analysis, Guan et al.”*
introduced an interfacial contact model and an electrochemical-mechanical coupling model
accounting for curvature effects. They found that increasing curvature and the contact factor
could delay the time to reach the cutoff voltage, thereby improving battery capacity.
Additionally, Yan et al.”> developed a 2D model incorporating electrochemical-mechanical-
thermal coupling to evaluate the multiplicative charging performance of SSBs at low
temperatures, considering the impact of interfacial contact degradation. Their findings indicate
that both poor interfacial contact and higher charging rates contribute significantly to capacity

at low temperatures.

Similarly, exposing SSEs to elevated temperatures can also influence their performance. Shin
et al.”® conducted electrochemical tests on ASSBs at around 60 °C, as the biphasic solid
electrolyte exhibited insufficient ionic conductivity at room temperature, making normal
battery operation difficult. Jiang et al.”” observed that increasing the temperature from 25 °C
to 65°C significantly reduced the area-specific resistance, improving battery capacity.
However, at even higher temperatures, three heat-related processes become closely interlinked.

Typically, heat generation initiates the sequence that can lead to thermal failure. Over time, as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the battery ages, the cumulative thermal side effects begin to negatively affect performance

and compromise stability. This phenomenon is referred to as the aging effect. If heat generation

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

surpasses the system’s thermal tolerance and causes sufficient material degradation, it can

(ec)

eventually trigger thermal runaway.

2.1 Electrolyte-anode interface

Although much research is carried out to raise the ¢ of lithium SEs, electronic transport is also
crucial for ASSB cycle stability, calendar life, and energy density. Only Li ions should be able
to move between electrodes in an ideal SE, which would have minimal electronic conductivity
and elevated o. The outcome of electronic conduction in SEs would be the self-discharge of
ASSBs driven by electronic leakage.’® Li kinetics are ultimately hindered by the generated
interfacial resistance and electronic conductivity of SEs, which also lead to performance
degradation and uncontrollably growing Li dendrites.” # Interfacial resistance hinders Li-ion
kinetics in batteries by impeding the transfer of Li" ions across the interface between the

electrode and the SE. This resistance arises from poor contact, an insulating SEI layer, and
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sluggish charge transfer reactions at the interface.?! In addition, if the SE conductgs,elgcttofisssonic

electrons can leak into regions where only ions should move. These electrons react with Li* in
the SE, causing electrolyte decomposition.>> The result is the formation of resistive interphases
(e.g., LizS, LizP), which block or narrow Li* pathways. If the SEs have high electronic
conductivity, they can provide an easy pathway for electrons to reach the Li metal
anode. This allows for rapid and potentially non-uniform Li ion reduction and deposition.*%
82 The rapid and non-uniform deposition of Li can lead to the formation of dendritic structures
on the Li metal surface.*® These dendrites can grow and penetrate the SE, potentially leading
to short circuits within the battery.*%-33 Dendrites can propagate along grain boundaries due to
the inherent structure of the SE.34-8¢ As dendrites grow, they can cause mechanical stress and
damage to the surrounding electrolyte, leading to crack propagation and further dendrite
growth. SEs can form new phases with different ionic and electronic conductivities when
decomposing. While some decomposition products might be more conductive than the
original material, they are still likely to have a lower electronic conductivity compared to the
ionic conductivity.?¢-88 The results of our group and Wang group indicated that the SE with
the lowest electronic conductivity demonstrated enhanced capability to suppress lithium

dendrite formation.*%- 8%

For many years, graphite has been commonly utilized as anode material. With a specific
capacity greater than 3500 mAh g!, silicon (Si) has become a viable substitute for graphite
anode with a specific capacity of about 370 mAh g~!. This transition aims to boost energy
densities for numerous energy-storage applications, including portable electronics and electric
cars.”-°1 Despite their potential, the commercialization of Si anode is hindered by issues related
to their cycling stability and shelf life. These limitations are aggravated by the significant
volumetric expansion of silicon (over 300%) during lithiation. This expansion often leads to a
decline in specific capacity upon cycling, which is linked to stress formation®?, mechanical
fractures, and irreversible degradation reactions caused by the volume changes®®. Lithium
metal is widely considered the best alternative anode material with its exceptionally high
theoretical specific capacity (3,860 mAh g!) and a very low redox potential (-3.040 V versus
SHE).?* % Due to this, there is considerable interest in utilizing lithium metal as an anode in
ASSB configurations.’ In the following parts, Li anode is generally referred to, although it is

important to note that this analysis is also relevant to silicon and carbon anodes.

Metallic Li has been the main focus of most ASSB studies to maximize cell energy densities.®”-

9% A great obstacle in improving the efficiency of ASSLMBs is the interface between SE and
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electrodes. This interface is crucial for understanding battery electrochemistry, as it is theSites oo
where lithium ions and electrons interact and are deposited in the electrode through processes
such as intercalation, alloying, or plating.”®-1% The interface is often complicated by the
existence of the passivation layers on the electrode. The characterization of this layer on
negative electrodes started with Dey's findings of Li metal immersed in non-aqueous
electrolytes.” In 1979, Peled announced the idea of the SEI as a passivation layer that is
electronically insulating and ionically conductive, emerged between the electrode and
electrolyte, and functioning as an SE.!% Thus, it is called the SEI. This model was further
enhanced with compositional information observed over two decades and summarized by
Peled et al.'%! in 1997 and Aurbach et al.1% in 1999. On one hand, a dense and undamaged SEI
can hinder electron passage, thereby preventing further degradation of the SE, which is
essential for the chemical and electrochemical stability of ASSB. Conversely, the emergence
and development of SEI consume active Li and SE, leading to capacity loss, rising battery
resistance, and reduced power density.!®> Meanwhile, the uneven SEI may cause Li dendrite

growth and safety concerns upon charging.

The composition and growth rate of the SEI layer between lithium metal and argyrodite-type
solid electrolytes (e.g., LigPSsX, where X = Cl, Br, I) can vary significantly, impacting
interfacial resistance and overall battery performance.’!> % When lithium metal contacts

argyrodite electrolytes, a chemical reaction occurs, leading to the formation of an SEI

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

composed of LisP, Li,S, and LiX. The rate at which interfacial resistance increases can differ

among various argyrodite compositions. For example, LigPSsCl forms a protective interphase

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

consisting of LizP, Li,S, and LiCl when in contact with lithium metal. In contrast, LigPSsl

(ec)

exhibits a more reactive behavior, resulting in a different SEI composition and potentially

higher interfacial resistance.!? 31,106, 107

In general, the composition of the SEI layer and the rate at which interfacial resistance increases
between lithium metal and argyrodite electrolytes are influenced by several factors, including
the specific halide component of the argyrodite, the growth mechanism of the SEI, and the
condition of the lithium anode surface. Understanding these variables is crucial for optimizing

the performance and longevity of solid-state batteries utilizing lithium metal anodes.

Thus, there are still plenty of challenges to overcome before Li metal anodes can be used in
ASSLMBs: (1) unmanageable lithium dendrite development due to electrochemical and

mechanical instability at the SE/Li interface causes serious safety issues!'®®; (2) the
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thermodynamic instability of lithium metal because of its high Fermi energy level gan result’ifis; o0
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irreversible and continuous reaction between lithium and SE that produce thick solid SEI layer
on the lithium metal surface, consume lithium and SE, and elevate the internal resistance, thus
shorten cycling span; and (3) repeated plating and stripping operations can cause significant
volumetric and morphological alterations in the lithium metal anode; however, the mentioned
earlier SEI coatings are very thin to inhibit such substantial alterations in the lithium metal
anode completely.!-113 These adverse effects may result in significant safety risks and a loss
of efficiency. These harmful effects might be mitigated by SEs that are chemically stable
towards lithium anode. Nevertheless, several unanswered questions remain about the kinetics
and nature of ion transports at Li/SE interfaces. To realize energy-dense ASSLBs, Li metal
morphology must be controlled during stripping/plating processes at the Li/SE interface.*6 114
115

At low potential, LigPSsCl undergoes a reduction of P (approximately 1.08 V vs. Li/Li") during
lithiation, resulting in the byproducts Li,S, LiCl, and P (Fig. 4a), which renders it unstable
towards lithium anode.?8-3% LisPSsCl also produces Li,S, LiCl, and Li;P as byproducts when in

contact with the lithium anode (chemical decomposition).3!

Narayanan et al. studied the development of SEI during virtual electrode plating at LigPSsCl
surface via XPS measurement.*3 At the left panel of Fig. 4c, the Li 1s spectra at 30 uA electron
beam current (EBC) with j,, ~ 0.15 mA cm? initially show the peak widening and then a
gradual shift to lower binding energies. The observed peak broadening can be directly linked
to the creation of Li,S, Li,P, LiCl, and other byproducts from contaminants such as Li,O and
Li,CO3.3!- 116 In addition, the authors determined that Li deposits more rapidly at greater current
densities compared to lower ones (Fig. 4d). As shown in Fig. 4e, for the S 2p signal, a doublet
feature associated with Li,S (with a 2p;,, binding energy around 160 eV, highlighted in brown
in Fig. 4e) quickly emerges as more lithium is plated. This component of the Li—LicPSsCl SEI
is well-documented and forms even in conditions where Li is deficient.3!> 116 117 A close
analysis of the constitution from spectra collected at various EBC (Fig. 4f), reveals that the
reduction of LigPS;sCl to Li,S occurs significantly faster via 0.15 mA c¢cm™2 (greater CD). In
contrast, at lower current densities (j,, < 0.05 mA cm™2), only about 70% of the S 2p spectrum
consists of the reduced sulfide families. This suggests that reaction kinetics are slower at low
CDs due to multiple reduction reactions competing for the available reactants, such as plated
lithium. Furthermore, analyzing the P 2p spectra shows that at the highest current density (jeq),

for equivalent charges passed less than 5 pAh cm™2, there is a rapid reduction to a low binding
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energy doublet feature (2p;» = 126 €V), indicative of fully reduced LisP (Fig. 4g, Jeft pan€lsooioic
green area). In comparison, at lower current densities (jeq < 0.05 mAcm2) and the same extent
of charge, the initial SEI consists more notably of a broad spectral feature (126 eV < B.E. 2p;,,
< 131 eV), which is indicative of partly reduced LiP. Over time, continued plating at these
lower current densities also leads to the formation of LisP. However, this process is slower and
followed by a notable reduction in the total P 2p spectral intensity, indicating a deposition of
plated lithium metal. These findings indicate that a LisP-rich SEI forms more quickly in the
early stages of plating via large CDs, even with a low equivalent charge passed. The fragment
of Li3P as a function of equivalent charge passed, especially for gA < 10 uAh cm2 (Fig. 4h),
supports this observation. Additionally, as seen in Fig. 4e and 4g, the XPS signal for pristine
LigPSsClI components diminishes more rapidly at high current densities for the same equivalent

charges passed (e.g., gA = 12.8 uAh cm ™).

In our group's studies, we noted that the Li (1s) spectra at the Li/LigPSsCl interface after cycling
revealed the emergence of LiCl. Furthermore, the S(2p) spectra of LigPSsCl after cycling
showed an increase in the signal intensity for polysulfide, P,S,, accompanied by decomposition
products, including lithium polysulfide (Li,S,) and Li,S, resulting from the sulfide

decomposition.?? According to Zeier’s group, LigPSsX disintegrates into an interphase made

of LisP, Li,S, and LiX when it comes into contact with Li metal.3! This interphase acts as an

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

SEI and raises the interfacial resistance. For instance, according to this group, after contact

with Li metal, LigPSsCIl decomposes into Li,S, LisP, and Li,O (Fig. 4i). The degradation of

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

SEs is prompted by increased interfacial resistance.
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Fig. 4 Decomposition pathway and XPS analysis. (a) Electrochemical/chemical degraddfions; o
pathway of LigPSsCL.!'® (b) The diagram illustrates the emergence of voids at the Li/Li-
argyrodite SE interfaces.*® Progression of core-level XPS spectra during the virtual electrode
plating process at the LigPS;sCl surface for (c) Li 1s, (e) S 2p and (g) P 2p. Quantification of
XPS spectra as a function of different quantities of charge passed at various CDs, showing
compositional fractions of (d) metallic Li (Li°) in Lils, (f) Li,S in S2p, and (h) LisP in P2p. A
higher fragment of Li° (shown in panel d) and Li;P (indicated by green area in panel h) at low
charge levels and elevated CDs suggests that the reaction kinetics at the interface are more
rapid, leading to a more immediate emergence and development of a metallic Li layer during
plating.*> (i) XPS spectra for S 2p, P 2p, O 1s, and CI 2p of a LigPSsCl SE as the quantity of

accumulated Li metal rises (progressing from bottom to top).3!

Another issue at the Li/Li argyrodites interface is the growth of Li dendrites.!'®-122 Lithium
dendrite is broadly seen in various types of SEs.!?* Dendrites typically expand in the direction
of grain boundaries. Sulfide SEs exhibit apparent dendrites because of a weaker adhesion
between sulfide particles, which results in a lower resistance to dendrite formation than in oxide
SEs.*? The irregular lithium deposition at the anodic interface allows lithium dendrite to pass
through the grain boundaries or voids within the bulk of Li argyrodite SEs, inducing battery

degradation. Kasemchainan et al. recently showed that the critical current density (CCD) is

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

essential for the lithium plating/stripping characteristics utilizing LigPSsCl SEs.46 As seen in

Fig. 4b, voids develop with lithium bulk around the interface with the SE when lithium is

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

withdrawn from the interface at a CD that exceeds the rate of replenishment. These voids

accumulate over the course of subsequent cycling. The margins of these voids concentrate

(ec)

greater CD than other areas, eventually causing the formation of Li dendrite.

The quantity of the CCD is crucial as it determines the power density of a cell. Small CCDs
are typically attributed to uneven potential drops caused by SE/electrode interfacial impedance.
This impedance is predominantly determined by chemical, electrochemical, and mechanical
stability issues at the interface. Understanding these uneven loss mechanisms and interpreting
CCD tests can be difficult since SEs may experience “soft shorts” that remain unnoticed in
symmetric cell tests using thick Li metal (greater than 30 um).!'> Moreover, as the CCD
depends on plating capacity and cell stack pressure, precise data interpretation requires the
reporting of specific experimental conditions (such as Li-metal thickness and stack

pressure). !4
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Critical stack pressure is a recently developed concept by Sakamoto and colleagues;fHats 1o\
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emphasizes pressure dependence in CCD measurements.!'* This measure is a crucial addition
to the other metrics used to assess the characteristics of Li electrodes at SE interfaces. Dendrite
nucleation may originate from pore formation in lithium metal during stripping and unequal
lithium ion transport at Li/SE interface.'?4-126 A minimal stack pressure can help prevent pore
evolution during Li stripping. Nonetheless, Li plating causes Li filament development and
propagation. In Li-Li cells, when these happen at the same time, the pressure will have a big
impact on the CCD. Nevertheless, it remains uncertain how these effects will manifest in full
cells, where plating and stripping operate independently. More investigation is required to

reconcile discrepancies between full-cell and symmetric measurements.

Currently, ASSLMB's performance is still far from its targets. In general, CCD is a crucial
criterion for assessing ASSLMBs. It offers opportunities to fully comprehend failure processes,
interfacial behaviors, and other electrochemical performance features.’® The performance of
Li/Li symmetric cell configurations utilizing Li-argyrodite SEs is summarized in Table 1.
Apart from SE characteristics, the mechanical characteristics of the Li metal also play a
significant role in the existence of lithium filament within SEs. Recent investigations on the
bulk mechanical behavior of lithium metal have shown that power-law creep is the
predominant deformation mechanism over a broad range of strain rates and temperatures.!?’-
128 These findings provide a viscous-flow perspective that helps explain how mechanical

stresses change as lithium plating taking place on SE surface.

The linked interactions between CD and strain rate directly affect stress build-up at the
solid—solid interface. This has considerable indications for the model of Porz et al.,!?° where
the ejection of lithium metal from the heterogeneous surface of the SEs contributes to the CD-

dependent mechanical failure of the SEs.

For the lithium metal anode to work in a reliable, reversible, and safe manner, we must resolve
any problems driven by the inherent morphological instability while plating and stripping Li
metal at the SE interface* 13°, Recent work has significantly advanced our understanding of
both dendrite emergence and development and pore formation during stripping, as shown in
Fig. 5a and 5b, respectively.!3!- 132, However, many of these studies operate under excessively
high stack pressures, while the ideal pressure should be below 0.1 MPa to align with the stack

pressures typical of lithium-ion batteries.
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The CCD in solid batteries is influenced by numerous internal and external factars, many ofs .10
which are interrelated. Due to poor interfacial compatibility in solid-state systems, CCD is
more sensitive to external influences than systems using LEs. The major issues are summarized
in Fig. 5c. Establishing good physical contact is one of the most essential requirements for
SSBs.!33 The interfacial contacts are directly related to the interfacial physical contacts and
chemical stability. In SSBs, where liquid components are absent, Li-ion pathways rely solely
on solid-solid contact.!3* Additionally, reactions between Li metal and SEs can cause volume

changes and generate interfacial byproducts, further altering interfacial contact.!3>

The intrinsic characteristics of SEs, such as relative and compacted densities, chemical
composition, and mechanical strength, also significantly influence CCD.!3¢ Most SEs are
polycrystalline, comprising multiple single crystals, grain boundaries, isolated particles,
impurities, and inherent flaws. These structural features impact internal ionic flux and provide
sites for Li filament nucleation and propagation. In ASSB systems, increasing the areal
capacity during Li stripping leads to significant contact loss. As reported, 1 mAh c¢cm™
corresponds to a Li thickness of 4.9 um.!37 For commercial viability, areal capacities above 4
mAh cm™2 are needed, which could create void layers nearly 20 um thick upon full discharge,
severely impacting interfacial contact and performance, especially at high current densities.!3®
Additionally, large-scale Li cycling causes substantial volume expansion and worsening

contact degradation. According to the terrace-ledge-kink model, losing active plating/stripping

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sites is difficult to recover due to the sluggish and uncontrollable surficial Li adatom diffusion

according to the terrace-ledge-kink model. The Li growth exhibits a complexity highly related

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

to initial morphology and the current density, leading to poor CCD.

(ec)

SSBs must also operate reliably across wide temperature ranges in real-world applications.
Temperature affects CCD by altering both lithium's physical properties and electrochemical
behaviors, such as ionic conductivity and diffusion at the interface. Elevated temperatures
improve CCD by enhancing Li* mobility. In liquid systems, high current dendrite formation is
often explained using diffusion-limited models; similar models are now applied to solid-state
systems. According to Sharafi et al., higher CCD reflects a higher Li* flux across interface

regions.!3?

Pressure is another key external factor influencing CCD. Lithium metal’s mechanical

properties, such as elasticity, plasticity, and creep behavior, allow it to deform under applied
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stress. Li shows pronounced creep at higher temperatures, especially under operatignal sifEss
levels. Accurately predicting lithium's deformation behavior is essential to enabling its use in
SSBs. Masias et al. systematically measured the Young’s modulus, shear modulus, time-
dependent deformation (creep), and stress-dependent deformation.!?® The elastic and plastic
properties are directly related to the solid—solid contacts. The deformed Li gradually flows to
the side boundary of batteries without a hydrostatic pressure, increasing the risk of short
circuits. The pre-stressed system constrains the undesirable flow of Li metal. The deformation
of Li metal also induces microstructural evolutions, significantly reducing interfacial troubles
and enhancing the CCD values. Pre-pressing Li also minimizes creep-induced shorting.'?8 Li
metal is softer than most inorganic solid-state electrolytes in Li metal-based SSBs. The
deformation of Li metal dominates the deformation-dependent impedance reduction. Thus,
increasing pressure helps expand the true contact area at the interface and stabilize battery

performance.
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Fig. 5 Crucial concerns with the lithium metal anode. (a) Filament and dendrite development.

(b) Pore and void development.'4? (¢) Scheme illustrating the main factors affecting CCD.>°

The loss of electrode-electrolyte contact primarily stems from the accumulation of vacancies
at the interface and the volume changes occurring during the continuous stripping of lithium
metal.!*! During the process of lithium stripping, the release of lithium atoms creates vacancy
sites, contributing to vacancy accumulation. This accumulation results in the formation of pores

and flaws at the operational interfaces. Over time, these flaws diminish the efficient interfacial
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areas, leading to a partially concentrated flux of lithium ions (Fig. 6g). Mogeoyer,:dhiss oo

concentrated lithium ion flux exacerbates the contact loss further.

Kazyak et al. investigated that at elevated current densities and areal capacities, there is an
uneven depletion of lithium and accumulation of voids.!3® It has been demonstrated that the
interfacial capacitances primarily stem from these voids at the interface. Microelectrodes were
utilized to visualize void accumulation (Fig. 6a). Clear areas of lithium depletion were detected
following lithium stripping at 1.07 and 1.47 mAh cm™2 (Figs. 6b and 6¢). These depleted
regions signify areas of contact loss, resulting in increased polarization (Fig. 6d) and interfacial
impedance (Fig. 6e). Additionally, during lithium plating, significant volume expansion leads

to the formation of more cracks, thereby accelerating lithium pulverization.!4?
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Fig. 6 Contact loss at the anode in ASSLMBs. (a) Microelectrodes arrangements fotsSq0:c
experimental use. Depletion regions of (b) 1.07 mAh cm™2 stripping and (c) 1.47 mAh
cm 2, (d) Increase in polarization following contact losses. (e) Rise of impedance with
continuous stripping.'3® Schematic illustrations demonstrate physical contact losses in ASSBs

(f) and dendrite evolution within ASSLMBs (g).'#!

Moreover, inadequate contacts present a significant difficulty to ASSBs and can stem from
both physical and chemical factors. Contact loss typically manifests during battery fabrication
and exacerbates over-cycling. Therefore, the electrochemically active contact area between the
active materials and SE is a critical parameter in ASSBs.?” In the case of active materials in
LIB electrodes, most of the surface area of active materials is fully contacted with the LE except
for the area covered by the electric conductor and polymeric binder; hence, it can be considered
as an electrochemically active contact area. However, the surface of active materials is not
sufficiently covered with SEs due to its original shape and mechanical stiffness. Therefore, the
real specific contact area (ag = A/V,)'*> 144, which is defined as the contact area (A.) between
the active material and SE divided by the bulk volume (V,) of the active material, is considered
an important parameter to improve the design of ASSBs. An adequate a; is typically on the
order of a; > 105 cm?/cm?. For example, a high-performance ASSB using a sulfide SE with

nano-engineered composite cathodes might achieve ag = 10° — 107 cm?/cm?. This corresponds

to well-distributed and conformal contact between electrolyte particles and active material.?’

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Physical contact issues predominantly affect bulk-type ASSBs (Fig. 6f). Achieving atomic-

scale and conformal contact is paramount for optimal performance. However, attaining these

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

perfect contacts in practice is challenging due to particle-particle contact and the presence of

(ec)

pores. !4

Recent research by Kasemchainan et al.*® revealed that the buildup of voids at the Li/LigPSsCl
(LPSCI) interface during continual plating/stripping processes triggers the evolution of Li-
dendrite. After multiple cycles of stripping and plating, voids were observed at the LPSCI-Li
interface compared to the pristine interface. The formation of interfacial voids may result when
Li filaments are removed more quickly than they can be replenished. Li-dendrite initiations
begin at the triple junction where lithium metal, voids, and SE coexist, eventually leading to
short circuits and failure in ASSBs. Additionally, pre-existing flaws and cracks can serve as
pathways for the development and spreading of Li-dendrites through the SEs.!4> Understanding

how micro-cracks influence Li-dendrite propagation through SEs is crucial, necessitating in-
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situ operando prediction of microstructural alteration, particularly in micro-crack formati

during battery cycling.!4

Table 1. Li/Li symmetric cells performance utilizing Li-argyrodite electrolytes.

Cell configuration Critical ~ current Cut-off capacity Test Ref.

density i i) temperature

(mA cm2) (°C)
Lig3Pg.oCuqg1S49Cl; 3.0 3.0 50 8
Lig25PS4.75CINg 25 1.52 1.52 RT 146
LigPSsClo3F¢ 7 6.37 5.0 RT ”
LigPSsCl 0.55 0.55 RT 147
LigPS470¢3Br 0.90 0.90 RT 148
LisPSsBr 0.45 - RT 148
Lig.05P0.95M00.05S4.90¢.1Cl 0.55 - RT 149
Li6.04P0.98B10.0254.9700.03C1 1.1 0.1 RT 150

RT: Room temperature.

2.2. Electrolyte-cathode interface

In contrast to metallic anodes, cathode components consist of active material (AM) particles
like LiCoO, (LCO), LiMn,0,4, LiNiMnCoO,, LiNiCoAlO,, and LiFePO,. These particles
combine with a suitable SE (ionic conductor), carbon (electron conductor), and/or binder to
improve ion and electron transportation. In an LE battery, the LE fills the voids between
cathode components and provides intimate contact with the electrodes. On the contrary, solid-
solid interfaces in ASSBs rely on physical contact. To analyze the impacts of interfaces, Luntz
et al.’3! utilized a symmetrical cell to assess the internal resistance (IR) drop at both cathode/SE
and anode/SE interfaces. Figs. 7a—7b presents the evaluation method and findings. In their
experimental work, an Au/SE/Au configuration was used as the reference for IR drop
measurement. A negligible IR drop was observed when using a Li/SE/Li configuration,
indicating interface resistance between Li and SE. However, combining SE with carbon
electrodes (Figs. 7c and 7d) led to a significantly higher IR drop compared to Li, showing
greater interfacial resistances. The IR drop at the Li/SE interface was ascribed to SEI generation

and inadequate contact. In contrast, the electrochemical processes at the carbon-electrolyte
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interface are more complex. Although their findings highlight the distinct contgibution§ 05,0
interface resistance at both electrodes, they focused solely on carbon electrodes when

concluding that the greatest interfacial resistance happens at the carbon/SE interfaces.

When two materials with differing Fermi levels come into contact, electrons will flow from the
material with higher Fermi energy to the one with lower Fermi energy until equilibrium is
reached. This electron transfer causes band bending at the interface, forming space charge

regions and potential barriers that can impede charge carrier movement.

When gold (Au) and a SE come into contact, their Fermi levels (EF), representing the chemical
potential for electrons, are typically not aligned initially. The electrons flow from one to the
other and lead to electronic leakage, causing decomposition. This impacts charge transfer and

interfacial stability.

In the case of carbon and SEs, the Fermi level of carbon may align differently with the
conduction band of the SE. This misalignment can influence the charge transfer kinetics and
the stability of the interface, potentially leading to issues such as interfacial resistance or

degradation over time.

From a physical point of view, one may relate the cell voltage to the difference of the (electro-
)chemical potential of the electrons between the cathode and anode as given by the position of

their Fermi levels (see Fig. 7e). Note, however, that the chemical potential difference of lithium

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

between anode and cathode may be expressed as the sum of the chemical potential difference

for both electrons (Ap,.) and the lithium ions (Apy ), Eq. 1:13% 133

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

—eVoc = Aple. + Apgir (1)

(ec)

Therefore, considerations restricted to the Fermi level (electron chemical potential) of (single)
electrode materials in discussing electrode potentials are approximate, albeit often resulting in

reasonable accuracy.

Besides the active (intercalation) material, commercial Li-ion electrodes consist of polymer
binder and conductive additives, forming complex, often nano-sized, 2-D or 3D composites.
The performance of these composite electrodes is highly dependent on the distribution, ratio,
and type of the different constituents.!>* 135 From an idealized point of view, the voltage and
capacity of Li-ion batteries are only determined by the thermodynamic bulk properties of the
active phases. However, contact potentials and kinetic effects in real batteries strongly

influence the practically achieved voltages, capacities, and current densities. As a consequence,
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kinetic factors, which are often dominated by interface effects and continually evolve with time

due to side reactions and other degradation phenomena. '

3 b) - +8 e)
g I s .
: : E _D — | UMO —F [LI)
o f s - o F
Li:2s i EMF
— ——E
N(E HOMO NE’
| NE) 0:2p N(E)

Anode Electrolyte Cathode

Fig. 7 Common cathode/SE interfaces in ASSBs. (a) Au/SE/Au. (b) Li/SE/Li. (¢) Li/SE/C. (d)
C|SE|C.!3! Potential variation (U), carbon (C). (e) A schematic energy level diagram of a Li
cell using LiCoO,, as the cathode and Li metal as the anode shows how the electromotive force
(EMF) originates. In this diagram, the Fermi level of the lithium anode lies above the
electrolyte's LUMO, which explains the typical reduction of the electrolyte upon contact with
Li. Additionally, during Li deintercalation from the cathode, the Fermi level of LiCoO; shifts

downward, as indicated by a small arrow in the diagram.!>’

Nowadays, layered LiMO, materials (M = Ni, Co, Mn) are widely recognized as standard
cathode active materials (CAMs) for high-energy-density battery. Particularly, LiN1,Co,Mn.O,
(a + b+ ¢ =1; NCM-abc) and LiNi,CoyAl,_,O, (NCA) are capable of achieving higher
voltages and higher volumetric specific energy. As a result, they have established themselves

as primary CAMs in electric vehicle applications.

For instance, Ni-rich NCM cathodes, such as LiNijgMng;Coy;0, (NCMS811), are highly
attractive due to their competitive capacity and energy density compared to advanced LIBs.!%%-
161 However, integrating sulfide-based ASSLMBs with Ni-rich oxide cathodes faces significant
difficulties: 1) sulfide SE degradation occurs at high voltages due to their restricted ESW; 2)
undesirable interfacial reaction between sulfide SEs and NCMS811 results in the existence of
ionic-insulating degradation products; 3) an SCL forms between sulfide SEs and oxide cathode
materials because of mismatched chemical potentials, leading to a high-resistant lithium

depletion layers at the sulfide SE side; 4) structural deterioration at the surface and grain
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boundaries of Ni-rich oxide cathode particles leads to capacity and voltage decay iSSues. ot s soiome
165 Although raising the upper cutoff voltage can enhance the capacity of Ni-rich NCM811
cathode materials, it also risks material degradation due to issues such as cracking and oxygen
loss. Grasping these degradation mechanisms is essential for facilitating high-voltage operation
and enhancing the capacity of advanced materials.'% 167 Recently, studies have focused on
single-crystal (SC) NCM-based cathodes for ASSLBs. These materials typically have a lower
nickel content to reduce volume changes during cycling, although this approach does come

with the trade-off of decreased discharge capacity.!68-170

Chemical decomposition of an SE can lead to contact loss between the cathode and SE due to
the volume decrease associated with the chemical reaction, which can cause physical
separation or cracking.?> 171172 The decomposition process can form new interphase layers or
degrade the existing ones, hindering the ionic conductivity and leading to resistance
increases. In addition, chemical and mechanical degradation at the solid electrolyte/cathode
interface can interact synergistically, accelerating performance decline in solid-state
batteries.!”3-175 Chemical degradation, such as the formation of resistive reaction layers or the
dissolution of cathode materials, can induce mechanical stresses at the interface, leading to
cracking or delamination. Conversely, mechanical stress from cathode expansion/contraction
during cycling can accelerate chemical degradation by exposing fresh reaction sites. This can

lead to capacity loss, reduced rate capabilities, and a general decline in battery performance.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

From a microstructural perspective, lattice mismatches present physical contact challenges.

Such interfaces often arise around the contact area of solid materials with differing lattice

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

parameters. This mismatch can happen around electrode/SE interfaces, inducing strain and the

(ec)

existence of super-lattices, consequently elevating interfacial resistance.'*! In contrast,
interfaces between materials with minimal lattice differences exhibit substantially lower
interfacial resistances and higher 6 compared to those with significant lattice deviations. It's
important to note that lithium-ion transport throughout all ASSBs is also affected by interface
impedance and bulk o. Indeed, weak Li" transport may also manifest at lattice-matched

interface with inadequate bulk .

Theoretical calculations help elucidate the electronic/atomic distributions around lattice
mismatched interfaces. Utilizing DFT calculation, Jand and Kaghazchi investigated
LiCoO,/SE interface structures.!’® This investigation can done by varying the biaxial

compressive and tensile strain magnitude. Their simulations identified three energetically
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favorable interfaces. Analysis of all three models revealed atomic rearrangements ,andBigs 10/
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strain at the interface due to lattice mismatch. While this model does not include ab initio
molecular dynamics, it showcases the successful application of DFT methods in simulating
and predicting interfacial characteristics in ASSBs. Nevertheless, predicting interfacial
behavior in ASSBs remains complex. Therefore, a sophisticated computational technique
employing an intelligent algorithm is necessary to find energetically favorable interface

structures. This provides a comprehensive understanding of lattice-mismatch mechanisms.

Recently, Gao et al. introduced an estimation method to understand lattice-mismatched
structures around interfaces using the particle swarm optimization (CALYPSO) method.!”
This approach considered both lateral and vertical displacements. By combining the
CALYPSO approach and DFT calculations, they identified 6 kinds of LiCoO,/Li3PS, interface
structures, as illustrated in Fig. 8. Simulation results highlighted the existence of highly
energetically favorable interfaces, such as cobalt sulfide and phosphorus oxide. Here, cation
(cobalt/phosphorus) and anion (sulfur/oxygen) inter-diffusion occur around interfaces. Those
theoretical findings align well with experimental observations.!”® A viable strategy to alleviate
lattice variations is by employing materials with greater structural resemblance for both

electrodes and SEs.

Generally, when a sulfide SE comes into contact with layered oxide cathode materials with a
low lithium ion chemical potential (uLi) vs. S*/S, the sulfide SEs undergo oxidation even under
open circuit voltage (OCV) conditions. This oxidation process contributes to the degradation

of both the SEs and the CAMs, leading to structural damage.

Even though ASSBs have gained significant attention owing to their potential increased energy
density and high safety, the thermal runaway of batteries cannot be mitigated just by utilizing
nonflammable SEs. The interface between the cathode material and the electrolyte is a critical
area for safety concerns.!’>-182 Safety issues in solid-state batteries, particularly with
argyrodite SE and layered cathode materials, are often linked to interfacial phenomena like
SO, gas formation during exothermic reactions.!®® These reactions can lead to heat buildup,
decomposition of the SEI, and ultimately, thermal runaway. Safety hazards with exothermic
behaviors and combustion phenomena were demonstrated between sulfide SEs (glassy-ceramic
and crystalline types) and the fully delithiated Ni-rich (LiNipgCog1Mngy;0,, NCM) layer
cathode. The heat generation of sulfide SEs + NCM was 900% larger than that of LE + NCM. 83

The interaction between the cathode and electrolyte can also reduce the decomposition
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temperature and exacerbate safety concerns. Compared with the comprehensive inygstigatitings;.0:c
on the safety of LEBs,'# 135 it is imperative to reveal the comprehensive safety characteristics

of ASSBs from multiple aspects, guiding the safety design of sulfide-based ASSBs.
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Fig. 8 (a) Predicted low-energy interface structures between LiCoO, and Li;PS, for six

different energy states.!”” (b) lattice-(mis)match!'#!

2.3. Mechanical property
The mechanical characteristics of SEs represent a crucial aspect in the development of

ASSBs.3? For instance, SEs need to possess high processability to establish close solid-solid
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contact between electrode active materials (EAMs) and SEs.!8¢-188 Achieving intimate contacts
between solid particles is vital for ensuring high-performance metrics such as increased
capacity, extended cycle life, and enhanced rate capability. In ASSBs, where both EAMs and
electrolytes are solid, establishing close contact between the electrode and SE is challenging
compared to traditional batteries employing LEs. Moreover, maintaining this contact
throughout charging and discharging is essential despite the volume alterations experienced by
the EAMs during these processes. The mechanical properties of both the electrode and SEs
play a vital role in determining the integrity of the electrode/electrolyte contacts upon cycling.
The elastic modulus serves as a crucial mechanical property for evaluating the electrode/SE

contact.!8?

In ASSBs, EAMs undergo expansion and contraction during the charge/discharge process. For
example, silicon electrodes boast high theoretical capacities (3579 mAh g! for the Li;sSiy
phase) but experience significant volume changes exceeding 400%.!°0-192 SEs play a crucial
role in maintaining electrode/electrolyte contacts despite these volume changes in the EAMs.
However, when SEs with very high elastic moduli are employed, the EAMs endure substantial
stresses due to the volume alterations. Consequently, they may fracture and lose contact with
the SEs, resulting in capacity degradation. The elastic modulus of SEs influences this
fragmentation of electrode materials; ideally, SEs should possess an average elastic modulus
that is neither excessively high nor extremely low.!”3 SEs with moderate elastic moduli can

alleviate such large stresses, thereby enhancing the longevity of ASSBs.

The physicochemical behavior of SEs differs significantly from that of LEs, especially in how
they influence Li deposition. SEs are intrinsically inhomogeneous, containing grain boundaries
and grains with distinct mechanical properties and carrier transport characteristics. Notably,
the bulk electronic conductivity of SEs is higher than that of LEs, allowing Li ions to be
reduced and deposited directly within the SE matrix. At the interface between SEs and
electrodes, electrochemical reactions such as Li metal deposition occur at solid—solid contact
points, enabling the transfer of charge carriers (either electrons or ions).!%4-19 These reactions
induce mechanical changes in the SE, often resulting in localized lattice deformation.!®’
Typically, such deformations are confined to surface regions, creating localized stress fields.
In most SEs, which typically exhibit linear elastic fracture behavior, the level of local stress
directly influences the ability of crack formation, as well as the dimensions, such as the length

and width, of any cracks that develop.!?8-2° The severity of the resulting mechanical damage
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depends on the intensity of the stress and the dimensions of the developing cracks. ,Yatithiss .10
theoretical models have been proposed to explain how Li protrusions grow within SEs, and all
of them emphasize the strong relationship between Li metal electrochemical deposition and the

generation of local mechanical stress.!??

The different mechanical processes in SSBs, localized in different areas of the cell, are

illustrated in Fig. 9a. Key processes include: losing contact at the electrode/electrolyte
interfaces, detachment from current collectors (Cu or Al foils), void generation at interfaces,
crack propagation inside SEs, and the application of external pressure. These processes are
induced and influenced by many electrochemical, chemical, and external factors. First, the

volume changes (expansion or shrinkage) in cathodes and anodes due to the lithiation or de-

lithiation have a profound effect on the solid/solid interface between electrode and electrolyte.

The second major factor is the external pressure applied to the packaged cell and/or module,

which is inevitable in single-cell and large battery packs. Moreover, dendrites and byproducts
generated at the interfaces can also add local pressure. These mechanical effects have a
significant influence on further electrochemical processes, such as impedance increasing,

uneven distribution of the lithium-ion flux and the electrical field, fast decay in capacities, and

short circuits. As a whole, the mechanical processes are intimately coupled with the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrochemical ones. The mechanical parameters in evaluating SSBs and corresponding

characterization methods are summarized in Fig. 9b.
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In addition, SSBs use composite electrodes made up of electrochemically active materials, SEs,

(ec)

and, when needed, additional components such as binders or conductive additives like vapor-
grown carbon fibers (VGCF). In these composite structures, achieving sufficiently high ionic
conductivity (oj,[]) and electronic conductivity (c.) is essential, as both charge carriers must
effectively reach the active material during charging and discharging. A significant mismatch
between ionic and electronic conductivity can result in uneven reaction rates across the
electrode’s thickness. It is crucial to balance these transport properties to ensure efficient

electrode utilization and prevent localized reaction fronts during operation.20!. 202

The transport of charge carriers is strongly affected by the microstructure of the composite. For
example, Froboese et al.?% showed how varying the size of inclusions impacts the composite’s

effective ionic conductivity. Further research on NCM622-LPSCI?®! and Si-LPSCI-C?%?
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electrodes demonstrates that changes in active material particle size significantly influices ;101

battery performance, reinforcing the importance of microstructural control. Similarly,
adjusting the SE particle size in LiNijg3C0q.1;Mng s (NCM83)-LPSCI?** composites leads to
more uniform ion flow and better electrode utilization. These findings highlight that the particle
sizes of both the active material and the solid electrolyte are critical factors in optimizing

electrode design.

Ketter et al.?% measured the effective ionic and electronic conductivities in NCM83-LPSCl
composite cathodes by varying the volume fractions of NCM83 (oncm) and LPSCI (@ppscy),
using EIS. To analyze electronic and ionic conductivity separately, they applied ion-blocking
contacts for electronic measurements and electron-blocking contacts for ionic measurements
(as shown in Fig. 9¢). The impedance data were interpreted using a transmission line model
(TLM), previously developed for similar NCM622-LPSCI1 composite systems.2% This TLM
acts as an equivalent circuit representing ion and electron transport through interconnected
pathways in the composite cathode. Although the model simplifies the complex nature of
charge transport in such composites, it captures key behaviors and allows accurate

determination of total effective conductivities from EIS data.2%¢

Figure 9d illustrates typical impedance results and their TLM fits for a composite cathode with
40% NCMS3. To further validate the TLM, the researchers used an alternative equivalent
circuit commonly applied to mixed ionic-electronic conductors??’ to assess the same data,
demonstrating consistent results. In addition, DC polarization experiments were performed to
evaluate ionic and electronic currents by applying different voltages and blocking contacts to
isolate each charge carrier type. These measurements, interpreted using Ohm’s law (Eq. 2),

yielded effective conductivity values. An exemplary dataset for oncym = 40 % is shown in Fig.

Oe.

An equivalent relation for the movement of charge carriers (ions and electrons) as a response

to an electric field is given by Ohm’s law (Eq. 2), following?%®:
J=- oV )

where J, 6, and V¢ are the electrical flux density, the electrical conductivity, and the potential

gradient, respectively.
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The measured and simulated effective electronic and ionic conductivities arg, in, go0ds:, 01
agreement as shown in Fig. 9f. Consistent with previous findings??®, the effective
conductivities of both ions and electrons vary dramatically depending on the ratio of NCM83
to LPSCI. Specifically, electronic conductivity spans from about 10' mS cm! to 107 mS cm-
!, while ionic conductivity ranges from 10' mS cm! to 107> mS c¢cm! across the compositions
tested. The best ionic and electronic transport balance is observed at onem = 40 %. However,
as the content of either LPSCl or NCM83 becomes too low, both conductivities drop sharply
due to a loss of percolation pathways. Since the percolation threshold is highly influenced by
the material’s microstructure, significant discrepancies between experimental and simulated
conductivity values are more likely near the threshold as only simplified, virtual
microstructures are assumed in the resistor network simulations.?’%- 219 Differences in the
measured and simulated effective ionic conductivities for compositions with ncy > 40 % may

be attributed to this effect.
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Fig. 9 (a) Schematic of mechanical processes and their causes in SSBs. (b) The mechanical
parameters and corresponding characterization methods used in SSBs.?!! (¢) Schematic setups
used to ensure ion-blocking and electron-blocking measurement conditions respectively
together with transmission line models (TLM) used to evaluate impedance data. (d) EIS data
(circles) measured under ion- and electron-blocking conditions are exemplary for an NCM83-

LPSCI composite with an NCM volume fraction of 40 %. (e) Direct current (DC) polarization
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data measured under ion-blocking (circles) and electron-blocking (diamonds). condititings ..o -

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

(ec)

respectively, as well as the corresponding fits (line) are exemplarily shown for an NCM83-
LPSCI composite with a NCM volume fraction of 40 %. (f) Resulting effective ionic- and
electronic conductivities as a function of NCM volume fraction. Effective electronic
conductivities measured via DC polarization (circles) and EIS (squares) are shown in purple,
whereas effective ionic conductivities are depicted in green. Each data point corresponds to a
single measurement. Effective conductivities from simulations with the resistor network model

are shown as dots connected with straight dashed lines as guide to the eye.?%

Recently, researchers have utilized first-principles calculations to predict the elastic moduli of
different SEs.?!2 This effort underscores the significance of identifying the optimal mechanical
properties for ASSBs and advancing the development of SEs with enhanced mechanical
characteristics.!”> Key mechanical parameters to be taken into account for SEs are outlined in

Table 2.

Table 2. First Principles Calculations for bulk modulus (B), shear modulus (G), Young’s
modulus (E), Poisson’s ratio (v), and Pugh’s ratio (G/B) of Li-argyrodites LigPSsX (X = Cl,
Br, 1) utilizing PBEsol functional.?!?

Electrolyte B (GPa) G (GPa) E (GPa) \% G/B
LicPS;sCl 28.7 8.1 22.1 0.37 0.28
LicPSsBr 29.0 9.3 253 0.35 0.32
LigPSslI 29.9 11.3 30.0 0.33 0.38

Addressing interfacial resistance entails optimizing the contact between materials, a pursuit
that has been investigated on a macro scale through different synthesis and assembly
methods.?!3 Enhanced adhesion contributes to prolonged mechanical lifespan in ASSBs by
ensuring consistent interface contact during cycling. Experimental evidence supports this
notion, as demonstrated by the application of pressure to cells, facilitating improved wetting or
adhesion of interfaces.?'# In ASSBs, expanding the contact area between materials is crucial

for leveraging the bulk ¢ offered by Li-P-S systems.
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3. Strategies to improve the interface stability DOI: 10.1039/DSEBO0L01C

Because of Li metal's strong reactivity, limited materials are stable towards Li.932!5 The critical
factor for effectiveness in LIBs is the self-passivating SEI layer formed at the LE/electrode
interfaces. This concept recently started to be explored in the ASSB domain. Advancing the
discovery of non-reactive SEs at interfaces is a critical step for the development of next-
generation batteries. However, this focus does not address the operational voltage or interfacial

resistance criteria.2!®

The strategies proposed to improve the interfacial stabilities include coating, electrolyte

modification by doping, wetting, and multilayered approaches.

3.1 Coating

Applying coating materials is the best approach to tackle the interfacial problems, and enabling
a wider range of combinations of SE and electrodes to be used for the success of the battery.
Coatings must possess electrochemical stability windows that sufficiently cover the entire
operational voltage range of the electrodes. Nevertheless, even if two materials are chemically
inert and show stability in similar voltage ranges, they can still encounter significant interfacial

resistance.?!”

Kimura et al.?!® systematically investigated how the thickness of a coating layer (CL) affects
the protection of SEs, under fixed values for electronic conductivity (o) and other related
parameters. They assumed 6, values of 1.0 x 10-1' S cm™ for the SE and 1.0 x 104 S cm!
for the CL, with the lithium-ion conductivity (oy;+) of the CL set at 1.0 x 107 S cm™. Fig. 10a
shows the lithium chemical potential (pu;) distribution within the SE and CL when the thickness
of the CL is 10, 50, and 100 nm and the thickness of the SE is 100 pm. As the CL thickness
increases, the y; variation within the coating becomes larger, which raises the pp; at the CL/SE
interface. Notably, coatings thicker than 50 nm shift the p;; above the SE’s oxidation limit,
making the SE thermodynamically stable. This supports the intuitive understanding that thicker

coatings offer stronger protection, especially when ultra-low o, materials aren’t available.

However, the required thickness of a CL to effectively protect a SE varies considerably based
on the thickness of the SE. As shown in Fig. 10b, the protective effect changes when the CL
remains 10 nm thick but the SE thickness is varied (100, 50, and 20 pm). For the 100 um SE,

u; at the interface remains below the oxidation limit, indicating instability, while SEs 50 um
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or thinner show interfacial p; values within the stable electrochemical window. Henegsthes ,io:e

thickness of the SE directly impacts how well a given CL performs.

Figure 10c plots the relationship between p; at the interface and the thickness ratio (L¢y/Lsg).
A sharp increase in interfacial pp; is observed until the CL reaches about 0.2% of the SE
thickness, stabilizing around 0.02%. This means that, for a 100 um-thick SE, a coating
thickness below 200 nm is often sufficient for protection. Crucially, this shows that the relative
thickness, not the absolute thickness, of the CL determines its effectiveness. Consequently, a
CL that performs well in thin-film SSBs may not offer the same protection in bulk-type
batteries, and vice versa. Any comparison of CL performance across systems must consider

the SE geometry.

Moreover, the ideal CL thickness also depends on the relative o values of the CL and SE.
Figure 10d shows a heat map of p; at the CL/SE interface under varying o, and thickness
ratios. A white dashed line marks the oxidation stability limit. For a CL to protect the SE
thermodynamically, both its thickness and o). must fall below this line. The map reveals that
at very thin coatings (e.g., <10 nm for a 100 um SE), small changes in thickness dramatically
shift the required ... Therefore, in practical battery design, achieving effective SE protection

requires carefully balancing both the thickness and electronic conductivity of the coating layer.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

As previously outlined, the protective effect of a CL on an SE in SSBs is influenced by both

o.e Of CL and its thickness. While a lower o). and greater thickness are generally favorable

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

for SE protection, practical considerations in composite electrodes, especially those without

conductive additives, complicate this relationship. In composite electrodes, especially those

(ec)

lacking conductive additives, CAMs serve as the primary electron conduction pathways.
Applying a thick CL with low o, as illustrated in Fig. 10e, over the CAMs can significantly
increase the electron conduction resistance across the entire electrode, potentially degrading
SSB performance.?!®- 220 However, in real composite electrodes with the CL, such a substantial
increase in resistance is often mitigated by partial fracturing of the CL during electrode
fabrication processes, such as pressing (Fig. 10e). These fractures can restore electron
conduction pathways, reducing the overall resistance. The impact of the proportion of CLs is
shown in Fig. 10f. When 70% of the CAM surface is coated, the resistance shows significant
variation depending on the arrangement of the AM and SE lattices, likely because of
differences in the availability of current percolation pathways that allow current to flow solely

through the CAM regions. When the CL coverage is reduced to 50% or less, the increase in
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electron conduction resistance remains within acceptable limits, suggesting that, pdftials; o\

coverage can balance SE protection and electron conduction. However, this means that over
half of the interface remains unshielded, underscoring the challenge of achieving solid

electrolyte protection and low resistance in practical composite solid-state battery electrodes.

An alternative strategy involves coating the SE instead of the CAMs. This approach maintains
direct contact between CAMs, preserving electron conduction pathways, and typically results
in a less pronounced difference in oy ;. between the SE and CL compared to the o). difference
between CAMs and CL (Fig. 10g). Consequently, the overall ion conduction resistance of the
electrode does not increase significantly, even with a fully coated SE. Fig. 10h presents violin
plots illustrating the electron conduction resistance of the whole electrode under various CAM
coating conditions. The total resistance in the case of fully coated CAMs is about 8 to 9 orders
of magnitude higher than uncoated CAMs. This outcome clearly shows that even though the
CL is much thinner than the CAM, a coating layer with low o). can significantly increase the
overall electron conduction resistance of the electrode, indicating the strong influence of the
CL on electrode performance. Fig. 101 presents the total ionic resistance of the composite
electrode when the SEs are coated with a 10 nm-thick CL. In this model, the o1 ;+ of the SE and
CL are set to 0.5x10-3 and 1.0x10% S cm™, respectively, with ion transport attributed solely to
the SE and CL. Under these conditions, the increase in ionic resistance remains relatively
minor, even with full coating of the SEs. This indicates that applying the coating to the SE
rather than the CAM may be a promising approach to simultaneously protect the SE and

maintain low internal resistance. However, some technical hurdles may need to be addressed.

These findings demonstrate the importance of considering not only the intrinsic properties of
the CL but also its spatial arrangement within the composite electrode. The geometry and
coverage of the CL relative to the SE and CAMs are critical design parameters that influence

the performance and thermodynamic stability of SSBs.
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function of the thickness ratio of the CL to SE. (d) Heat map illustrating the i ; at the interface
between the SE and CL across varying thickness ratios and o, ratios of the CL to SE. Influence
of the arrangement of the CL in composite electrodes on the ohmic resistance. (e) Schematic
of'a composite SSB electrode with CLs applied to CAMs. (f) 2D lattice model of the composite
SSB electrode with CAMs either fully or partially covered by CLs (left) and SE-coated
configuration (right). (g) Schematic of a composite SSB electrode with CLs applied to SEs.
Violin plots of (h) the electron conduction resistance of the entire electrode under various CAM
coating ratios and (i) the ion conduction resistance of the entire electrode under various SE

coating ratios. The red cross in each plot represents the average resistance for each condition.?!8

3.1.1 Electrolyte coating

A coating layer protects the direct contact of SE and electrode. This layer helps as an artificial
SEI, facilitating the Li" conductivity while inhibiting electron conduction. As a result, it
extends the effective stability range of the solid electrolytes. The thickness of the coatings can
be adjusted to fall within the range of 1 to 10 nm!73-221.222 typically thinner than an SEI formed
in situ.!78223-225 The coating material must meet crucial criteria: it should be chemically stable
towards the SE and the corresponding electrode and demonstrate stability across the
operational voltage ranges of the electrodes. As a result, the constitution of cathode and anode
coatings could be individually optimized based on the specific solid electrolyte-electrode

combination.

Hood et al. examined the role of AL,O; coating towards LigPSsCl powders.??® To gain a
comprehensive understanding of how atomic layer deposition (ALD) alumina coatings and
their thickness influence the electrochemical performance of argyrodite, the authors assessed
key properties such as ionic conductivity, Arrhenius activation energy, and electronic
conductivity using pellets formed from coated powders. Prior research has shown that fine-
tuning both bulk and surface chemistry is crucial for optimizing the electrochemical behavior
of fast lithium-ion conducting electrolytes.!!® 227-228 Using EIS, the authors measured the total
ionic conductivity of both coated and uncoated argyrodite pellets (see Figs. 11a and 11b). The
uncoated (pristine) argyrodite exhibited a Li* conductivity of 0.9 = 0.05 x 103 S cm™! at room
temperature (25 °C), with an activation energy of 0.31 + 0.03 eV. Interestingly, the materials
coated with 1 and 10 cycles of ALD Al,0O3 showed significantly improved ionic conductivities
of 1.2+ 0.05 x 103 S cm™ and 1.7 £ 0.05 x 103 S cm™!, respectively. This enhancement was

accompanied by a slight reduction in activation energy, to 0.30 + 0.02 eV for 1 cycle and 0.28
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+0.02 eV for 10 cycles, indicating that thin ALD coatings can enhance Li* transport, Howe et co1ome
when the coating thickness was increased to 100 ALD cycles, the ionic conductivity dropped
sharply to 0.27 £ 0.05 x 10 S cm! at 25 °C, while the activation energy remained relatively
low at 0.29 + 0.02 eV. This decline in conductivity is likely due to the thicker Al,O3 layer
acting as a barrier to Li* movement across grain boundaries, given the poor lithium-ion
conductivity of Al,Os. These results suggest that the optimal ALD coating thickness lies around

1-2 nm, beyond which Li* transport becomes impeded.

The authors hypothesize that the enhanced electrochemical performance, specifically the
increase in room-temperature ionic conductivity and the reduction in activation energy, is
likely due to a combination of matrix and grain boundary effects. These effects arise from the
redistribution of vacancies and interstitial sites, such as space-charge regions, at the interface
between the ALD alumina coating and the argyrodite electrolyte.??*-232 This behavior is similar
to previously reported electrochemical results observed in B-LizPS4:Al,O3 composites.?3?
While ball milling-based composite formation can introduce layers of electronic and ionic point
defects, the close interfacial contact formed via ALD can similarly influence ion transport.
However, when the ALD coating is too thick and non-conductive, it acts as a barrier to Li*
movement, significantly lowering ionic conductivity, as seen with 100 ALD alumina cycles
coatings. Thus, precise control over both the coating thickness and its chemical properties is

essential to properly manipulate space-charge effects and enhance ionic transport. Applying

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

highly conductive ALD coatings to Li argyrodite materials could be a promising strategy for

improving total ionic conductivity.

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.
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Besides aiding Li* transport, ALD alumina coatings also reduce electronic conductivity in
argyrodite powder-based pellets. Electronic conductivity was measured using symmetric cells
under a 200 mV bias (Figs. 11c and 11d). For the uncoated LigPSsCl, the electronic
conductivity was 6.3 £0.05 x 107 S cm™ at 25 °C. After applying 1, 10, and 100 ALD Al,O;
cycles, the electronic conductivity dropped significantly, reaching as low as 1.7 £ 0.05 x 107°
S cm™. These results show that carefully adjusting the ALD coating’s thickness and
composition enables control over both lithium-ion transport and undesirable electronic leakage

in solid electrolyte membranes.

The authors concluded that coating improved the stability of argyrodites in humid and

oxidizing conditions, effectively protecting them from reacting with Li metal. This
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improvement led to significantly enhanced overall electrochemical performancg, enablitig

higher current densities, Li metal plating/stripping capacities, and extended cycle lifetimes.
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Fig. 11 (a) Arrhenius plots, (b) ionic conductivity at 25°C, (c¢) current-time curves (DC
polarization at 200 mV, 25°C) and (d) electronic conductivity at 25°C for LigPSsCl pellets
pressed from powders coated by 1, 10, and 100 ALD alumina cycles in comparison to pellets

pressed from uncoated powders.?%¢

Through computational work, Ransom et al. identified LiAlsOg and LiAlSiO, as leading
coating candidates for various electrolyte systems?3. Their flexible morphologies enable
simpler synthesis approaches and offer versatile avenues for optimization, including adjusting
the lithium content. These coatings exhibited good adhesion characteristics, along with E, <
0.1 eV. The versatility in synthesizing LiAlsOg material into nanowire composites sintered thin
films, and sol-gel coatings, each offering different electrochemical enhancements, provides
ample opportunities for optimizing this compound.?34-23¢ Despite its individual Li-ion
conductivity being around ~107¢ S/cm, its capability to form films thinner than 10 nm can
mitigate the effects of its low 6.237 LiAlsOg also helps reduce electrochemical reaction and

chemical decomposition of the cathode materials. Wang et al. further discovered that LiAl;Og
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can inhibit lithium metal dendrite formation in ASSBs.?*¢ Its ability to optimize, Vatitiss; oic
electrochemical metrics makes LiAlsOg highly promising for further development. LiAlSiO4
is similarly feasible for further research, having demonstrated improved capacity retention and
been experimentally confirmed for synthesis and assembly into the battery.?*® The synthesis
approaches leverage the glassy nature of this material, with its amorphous phase enhancing
6.23? LiAlSiO,4 may be produced and coated utilizing simpler solution and dry methods, making
it an attractive option for further development. There is potential for optimizing lithium
content, as studies have explored adjusting the weight ratios of the coatings and enhancing o
through thin film morphologies.?*% 4! Li,SiO, and LisGaSi,Og share structural similarities with
LiAlSiOy, suggesting that exploring the glassy phases of these coatings could enhance ¢.24?
Furthermore, Li,B¢sOgF; has emerged as the most efficient coating specifically for sulfide SE

systems and has been verified via computational investigations.?*3

3.1.2 Anode coating

As we already mentioned, the theoretical capacity of lithium metal anodes (3860 mAh g!) is
approximately ten times greater than that of graphite (372 mAh g™!). This makes lithium metal
a leading candidate for high-energy-density ASSBs. It has been extensively researched for use
in both LE-based and ASSBs.?** However, the cycling life of batteries utilizing lithium metal

anodes still requires enhancement for practical applications.

Failures in lithium metal batteries often originate from the lithium anode. The initially shiny

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

metallic lithium foil becomes black after several cycles due to the formation of a microporous,

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

mossy structure (Fig. 12a)>#. This mossy lithium is covered by a passivation layer (SEI), and

the emergence of "dead lithium" reduces anode capacity?6. Additionally, the porous nature of

(ec)

lithium metal with a high surface area encourages a degradation reaction and rapidly depletes
the SE, which raises cell impedance. Therefore, various approaches are proposed to enhance
the cycling span of lithium anodes, mainly focusing on reducing the degradation reaction
between Li and SE while ensuring electrical contact among the deposited Li particles (Fig.

12¢). One of the best approaches to address this issue is applying protective coatings.

Protective coatings serve as ion-conductive layers that allow for the electrodeposition of
lithium metal (Fig. 12b). As lithium ions move throughout coatings, the ion flux will be highly
uniform around the electrode’s surfaces, promoting even lithium deposition.?*é 247 Protective
layers also minimize the electrolyte/lithium contact areas, reducing side reactions. Unlike the

SEI layer that forms from side reactions within batteries, protective coatings are considered
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artificial SEI layers. The constitution of these coatings can be adjusted to enhance g, @id: 01

mechanical strength?43: 249,
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Fig. 12 (a) Porous surface of electroplated lithium anode after extended cycling. (b) The dense
surface of lithium anode is electroplated underneath the protective coating. (c) Approaches to

enhance the cycling span of lithium metal anodes.

To stabilize the SE/Li interface, various kinds of materials, such as oxides and nitrides, has
been employed. Compounds within the Li—Al-O chemical family have effectively protected
different solid electrolytes from lithium metal.33- 250- 231 The computed stability window of

LisAlO, ranges from 0.06 to 3.07 V, indicating strong stability of A1>* contacted with Li, which
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aligns with XPS measurements at the SE/Li interfaces.?>?> Additionally, in situ-forticds; o
polyanionic compounds like Li;PO, and LiH,PO, have been utilized to stabilize SE/Li
interfaces.?>> 25* DFT calculations predict that Li;PO, will generate Li;P and Li,O when in
contact with lithium, while LiH,PO,4 will yield LiH. These reaction products help create a
passivating layer that facilitates stable cycling in Li symmetric cells.?>® Furthermore, in
investigating alternative anion chemistries for stabilizing the solid electrolyte against reduction
by lithium, nitrides have shown the lowest calculated reduction limits among various anion
types, making them promising for protecting the SEs on the anode side.?>> Notably, boron
nitride (BN) has recently been reported to effectively safeguard the SE/Li interface>°, and an
SE has shown excellent stability with lithium, as evidenced by a stable cycle life in a Li

symmetrical cell.?’

The coatings with the highest stability for the sulfide system demonstrate good adhesion
towards the lithium anode (E., of 0 eV). However, they exhibit less favorable adhesion
towards the SEs. Recent studies have explored the combined use of LiCl and LiBr to enhance
o, as LiCl alone has been found to have inadequate conductivity (approximately 1076 S/cm).?%3-
260 Previously, Lutz et al. examined LiCl species as a coating material, although the potential
of CsLiCl, has not been thoroughly investigated.?® Additionally, Marcela et al. prepared an
argyrodite type LigPSsCl-based SE-coated graphite (graphite:LigPSsCl, 64:36 weight ratio)

using a dissolution-reprecipitation method and investigated its application as a negative

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrode in ASSBs. The half-cell assembled with the argyrodite-coated graphite and a carbon
additive in a 100:1 weight ratio showed discharge capacities of 335 and 372 mAh g™ ! at 8C via
25 °C and 100 °C, respectively.0!

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

(ec)

Besides the above observations, Zheng et al. developed a dual-purpose functional material that
both protects the Li metal from air/water corrosion and acts as an SE.?%? As shown in Fig. 13a
and Fig. 13b, bare lithium transforms from a smooth surface to a porous network after 30
minutes in a 60% humidity environment. In contrast, lithium protected by PVDC (Li@PVDC)
retains its metallic shine and remains smooth and crack-free under the same conditions. Fig.
13c indicates that the Li/Li symmetric cell performance of Li@PVDC initially matches that of
bare lithium, highlighting its effectiveness in facilitating lithium ion transport. However, after
30 minutes of air exposure, bare lithium significantly increases plating/stripping overpotential,
indicating diminished performance. In contrast, Li@PVDC maintains stable overpotential
levels (Fig. 13d). The bare lithium cell experiences rapid polarization increases and short

circuits around 155 hours, while the Li@PVDC cell demonstrates consistent performance for
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over 250 hours, underscoring the protective coating's role in enhancing stability apd redu¢itigs s, or

dendrite formation during cycling.
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Fig. 13 The role of interlayers in suppressing air corrosion in lithium metal anode. SEM images
of (a) Li@PVDC and (b) bare lithium before and after exposure to ambient air 30 min. Voltage
profiles of bare lithium and Li@PVDC symmetric cells (c) without and (d) with 30 min air

exposure at 1 mA cm™ 2 and 1 mAh cm2.262

3.1.3 Cathode coating

Many studies concentrate on the cathode/SE interface because it is crucial to always ensure
efficient ion transport across this interface. Maintaining thermodynamic stability here is
difficult due to the limited ESW of various SEs and their significant chemical reactivity with
cathodes. When the solid electrolyte is thermodynamically unstable at elevated voltages, it can
degrade into phases that typically exhibit lower o. For instance, sulfide electrolytes are
expected to oxidize above approximately 2.5 V versus lithium metal®® 80263 and may degrade
into phases with diminished or negligible Li amount.? Moreover, the inter-diffusion of
elements/chemical reactions at solid electrolyte/cathode interfaces can produce phases that

hinder ionic transportation.!78. 263

The main approach to address the strict stability requirements is to apply electronically
insulating but ionically conductive coating. This coating introduces coating/electrode material
and coating/solid electrolyte additional interfaces. The coating acts like a secondary electrolyte,

necessitating stability at the electrode voltages and resistance to chemical interactions towards
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electrode and solid electrolyte. But, if imperfections in the coatings leave portigns Qfsthies; i 0ie
electrode exposed to the SE, undesirable interfacial reactions may still take place within the
coated electrode system. Conversely, these imperfections might be essential for facilitating
electron transportation at coated electrodes/CC interfaces, creating a dilemma in currently used
coating strategies.?!® LiAl;Og, used as a coating on nickel-manganese-cobalt cathodes, has been
shown to enhance coulombic efficiency and capacity retention.?** In addition, ASSLBs using

gradient Li3P1:,04S, coated NCM811 were reported to show an elevated reversible capacity

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.
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g of ~160 mAh g! at 0.089 mA cm™2 at 25 + 5 °C with excellent retention of 80% after 250
£
g cycling when combined with the commercial sulfide SE.?* Fig. 14 provides a schematic
o
[oR
§ representation of the diverse range of interfaces found in cathode composites.
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Fig. 14 Interfaces within cathode composites. A schematic representation of the different

cathode composite interfaces within ASSBs, both with and without cathode coatings.®

Furthermore, Jung et al. explored the distinct impact of cathode and sulfide SE chemical
reactions in solid-state batteries.?®> Their findings revealed that the impedance of the composite
electrodes, including bare NCM and LiNbOs;-coated NCM, exhibited two semicircles
representing ionic and electronic pathways (Figs. 15a and 15b). The bare NCM showed an
initial total impedance of approximately 100 €2, lower than the 300 Q observed for the LiNbOs-

coated NCM, but it increased more rapidly over time, suggesting that the coating helped
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prevent chemical degradation. Upon initial charging, the specific capacities for barg NCM dtid
LiNbO;-coated NCM were 247 mA h g' and 222 mA h g™, respectively (Fig. 15¢). However,
after aging, the bare NCM maintanied 83% of its initial capacity, while the LiNbO;-coated
version only saw a 5% decrease (205 mA h g'!), highlighting the coating's effectiveness in
maintaining performance. Analysis indicated that the aged bare NCM experienced significant
degradation, reducing active sites even at a state of charge (SOC) of 0. In contrast, the coated
NCM retained its capacity due to slower chemical reaction kinetics. Secondary ion mass
spectrometry (SIMS) analysis confirmed the formation of a thick reaction layer in the bare
NCM, primarily consisting of chlorine-based byproducts (Cl, LiCl, and LiCl,), while the
thickness of the interface for the LiNbOs-coated NCM remained relatively unchanged (Figs.
15d and 15¢).%5
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Fig. 15 Chemical and electrochemical performance of bare and coated NCM. Chemical
decomposition between the cathode and SE at the steady state. (a and b) EIS spectra of the
uncoated bare NCM or LiNbOj-coated NCM with the argyrodite SE. Impacts of chemical

instability at the cathode-SE interface on electrochemical performance. (c¢) Electrochemical
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performance of the first cycle for both a fresh cell (without rest) and an aged cell (With t€81)s5c0101e
with charge and discharge CDs of 16 and 7 mA g-!, respectively. TOF-SIMS profiles as a
function of sputtering time of fresh (left) and aged cells (right) of (d) bare NCM and (e)
LiNbO3-coated NCM composite pellet.??

In general, coatings help mitigate surface-related degradation issues in layered transition metal
oxides (LTMOs), while dopants are primarily used to enhance structural integrity by reducing
irreversible phase changes during cycling. Additionally, they can improve rate capability by
enhancing electronic and o, which results from expanded lithium diffusion channels and defect
formation that lowers polarization resistances.?®> In certain instances, dopants within LTMOs
containing greater Ni amount can further increase ¢ by decreasing the number of unwanted
defects (like Niy;). This suppresses oxygen releases due to stronger M—O bonding energy.26
High-valence ions are commonly utilized to enhance the stability of nickel-rich LTMO
cathodes.?%”- 268 These ions typically occupy transition metal sites and raise the repulsive forces
between interlayers.2®® Compared to smaller ions like Ni**, Mn*', and Co** (0.53-0.56 A),
high-valence dopants are generally larger, which can enhance Li layer spacing and lattice
parameters, thereby improving Li diffusion. Moreover, they form stronger M—O bondings that

contribute to the stability of the layered structures upon cycling processes.

For comparison, Xu et al. examined how coating and doping of NCM622 affects battery

performance.?’® The authors claimed that the coating significantly lowers electrochemical

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

impedance and enhances battery cycling performances. The doping ions minimize the mixing

of Ni?* and Li* in the NCM622 cathode material, facilitating Li* diffusion and thereby

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

increasing the stability of the cathode while preventing structural damage to NCM622 during

(ec)

charging and discharging cycles.
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3.2.1 Interfacial stability of cation-doped LicPSsX (X = Cl, Br, I) for lithium anode

Because of the strong reducing tendency of lithium metal, all sulfide-based SEs can be reduced
by lithium metal during electrochemical cycling or even upon contact (as shown in Fig. 16a).!1%
271 Zhu et al. conducted computational simulations that established the reduction potential of
LigPSsCl SEs at 1.71 V (vs. Li/Li") and identified the reduction products at the Li/LigPSsCl

interface as P, Li,S, and LiCl?°, which was later confirmed experimentally by Wenzel et al. in

201831

Doping is a useful approach for improving the compatibility of electrolyte/electrode
interfaces.?’>-275 Recently, yttrium ions (Y?**) were introduced as dopants to replace phosphorus
(P>*) in LigPSsCl, enhancing interfacial stability against lithium metal and inhibiting dendrite
growth.?’¢ Indium-doped LigPSsl (Lig sIng25Pg.75SsI) has shown improved interfacial stability

compared to its pristine form.?”’

The Sun group demonstrated that a Li//Lig 2P gSng,Ss1//Li symmetric cell could achieve ultra-
stable lithium plating and stripping for over 700 hours (350 cycles) at 0.1 mA cm™ and 0.1
mAh cm™ via ambient temperature. However, significant fluctuations and increasing
overpotential suggested subpar kinetics at the Li/LigPSsI interface.?® Meanwhile, Nazar’s
group reported that Lig 751y 7Sbg 3551 exhibits excellent stability with lithium metal, maintaining
a steady voltage profile for 600 hours at 0.3 mA-cm™ and for 1000 hours at a higher CD of 0.6
mA -cm2. Their findings indicated that a stable interphase formed between lithium metal and

Lis 7Sio7Sbg3SsI, which is promising for developing long-lasting ASSLMBs.?7

Using cation-doped Li-argyrodites rather than undoped versions may be beneficial, as these
substitutions can facilitate the formation of a lithium-metal alloy (Li-M) at the interface (see
Fig. 16b).?* The Li-M alloy could promote uniform lithium deposition and enhance cycling
longevity. Additionally, cation substitution may influence these materials' thermodynamic and

kinetic stability, ultimately affecting the battery's long-term performance.

Furthermore, due to the rigid nature of SEs, voids, and cracks are observed on the surface of
solid electrolytes during pelletizing or battery assembly. This void and crack formation
promotes the fast development of dendrite, which reduces the lifetime of the battery (Fig. 17a).
However, doping of liquid metal to SE wets the gaps between the electrolyte particles as well
as the gaps between the electrode and electrolyte as the physical contact is expected for solid-

solid interfaces in ASSBs. This avoids the formation of voids and cracks on the surface of the
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electrolyte and prevents dendrite formation (Fig. 17b). In addition, incorporating Liquid nigtats; ore
as a dopant reduces Young’s modulus, helping to prevent early short-circuit formation in the
battery. The presence of liquid dopant allows the formation of M-Li alloy, which is critical in
facilitating uniform Li deposition at the interface and leads to outstanding long-term stable
cycling (Fig. 17¢). Furthermore, doping of liquid metal can boost the mechanical properties of

SEs by enhancing wettability and sealing any voids and cracks (Fig. 17d).

Apart from this, due to its unique rheological and metallic properties, low-melting point liquid
metal has seen growing applications in thermal control processes.?’%-283

3.2.2 Interfacial stability of cation-doped LicPSsX (X = Cl, Br, I) towards cathode
materials

Sulfide-based SEs, as discussed above, play a crucial role in ASSBs because their high o,
intrinsic softness that facilitates good contact between electrode and SE, and robust mechanical
properties.?®* 28 However, the interfacial stability between electrode materials and sulfide SEs
is often poor, which adversely affects battery performance.® 7> 286 The degradation of the
interfaces between cathodes and sulfide-based SEs has been identified as a significant
contributor to battery failure, using various methods such as electrochemical impedance
analysis, 2% 3% 287-289 macroscopic measurements, 31> 4> 290, 291 and AIMD simulation.?%0: 292294
Our research team has also performed macroscopic and microscopic investigations that reveal

degradation at the LiFePO,4 and LigPS;Cl interface, resulting in products like FeS, Li,FeP,0-,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and LiCl. DFT calculations further confirmed these continuous decomposition reactions.>* To

tackle these challenges, researchers have proposed doping Li-argyrodites to modify the

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

composition of SEs and enhance interfacial stability.6 272, 295-298

(ec)

3.2.2.1 Interfacial stability of cation-doped LicPSsX (X = Cl, Br, I) towards the sulfur
cathode

Jiang et al. conducted a study using a sulfur cathode to evaluate the effectiveness of the
Lis ¢Cug PS4 sBr; » SE.2? They reported that this sulfur cathode achieved an impressive initial
discharge capacity of 931 mAh g™! at a rate of 0.05 C, along with strong cycle stability,
retaining 83% of its capacity after 100 cycles at 0.1 C. In contrast, a full-cell configuration
using S/LigPSsBr/Li exhibited a notable voltage polarization and a lower discharge capacity of
851 mAh g ! at the same rate. The researchers attributed the reduced discharge capacity of the
LigPSsBr to its lower o compared to Lis sCug,PS4¢Br; . Furthermore, the S/LigPSsBr/Li setup
experienced a soft short circuit during the 20th cycle, primarily due to poor interfacial

compatibility with the sulfur cathode, which negatively affected its cycle performance. The
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CD was adjusted back to 0.1 C. However, during rate capability testing, a short circuit was also
observed in the S/LigPS;Br/Li configuration. These results indicate that Lis (Cug,PS4sBr 5 is
highly stable when paired with the sulfur cathode, suggesting its potential for future

applications in Li-S batteries.

3.2.2.2 Interfacial stability of cation-doped LisPSs;X (X = Cl, Br, I) towards layered oxide

cathodes

Layered oxide cathodes are strong contenders for high-capacity, high-energy-density
applications in advanced LIBs. However, integrating these cathodes with sulfide-based
ASSLMBs presents challenges. Increasing the upper cutoff voltage for layered oxide cathodes
can enhance their capacity but may lead to material degradation due to processes such as
oxygen loss and cracking. This degradation can cause parasitic interactions at the interface with
LigPSsX (where X = Cl, Br, I), resulting in the formation of ion insulators byproducts like Li,S,
SO4*, and PO, (see Fig. 16¢). Understanding these mechanisms is essential for enabling high-
voltage operation and enhancing the performance of current materials. A promising solution is
cation-substituted Li-argyrodite, which can bind strongly with sulfur and prevent oxygen from

displacing it (Fig. 16d).

Liu et al. examined LNO@NCM/LigP 925Sbg ¢75S5CI/Li cell performance, reporting an initial
discharge capacity of 129.9 mAh g!, which stabilized at 107.4 mAh g! after 60 cycling,
achieving a magnificent capacity retention of 82.6%.2" In contrast, the ASSLB configuration
using LigPSsCl (LNO@NCM/LigPSsCl/L1) showed a significant capacity drop (116.2 — 31.3
mAh g!) after 60 cycling, resulting in only 26.3% retention. The authors attributed the better
performance of LigP925Sbg 075S5Cl to its superior ¢ and interfacial stability. EIS revealed that
the impedance of LNO@NCM/LicPSsCl/Li increased sharply after cycling, while
LNO@NCM/LigPg 925Sbg ¢75S5Cl/Li showed minimal change, indicating enhanced stability at
the interface. Additionally, the rate capability of LigPg925Sbgo75S5sCl configuration was
evaluated, with a capacity recovering of 118.6 mAh g! when the CD returned to 0.2 C,

demonstrating its excellent performance.

In addition, Zhao et al. reported on Sn-doped LigPSsI solid electrolytes, achieving a remarkable
first-cycle coulombic efficiency of 91% with a capacity of 123.7 mAh g! in their Li/LPSI-
20Sn//LGPS//LCO@LNO//LGPS setup. They attributed this high efficiency to the enhanced
interfacial stability of LPSI-20Sn.2¢
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For practical solid-state battery applications, thick electrode designs are essential tg-maxittiize; o -
energy density.3%0-392 Zeier’s group developed thick cathodes (160 micrometers) and anodes
(160 micrometers) using Lig 6P 4Geg ¢SsI solid electrolyte (450 micrometers).3%3 Their findings
revealed that this configuration delivered an initial charging capacity of 120.8 mAh g™! and an
initial discharge capacity of 88.8 mAh g! at 0.25 C via 60 °C.3 288 304 Notably, the cell
operated stably over 50 cycles without carbon additives,?® exhibiting minimal capacity fade
and high coulombic efficiency even after 1 C. The total resistance of the cell remained below
13 Q cm™? at 60 °C, attributed to the outstanding interfacial compatibility between
Lig ¢P4GepsSsI and NCM-622. The researchers concluded that employing excellent ionic
conductor sulfide SEs combined with effective interphase formation results in superior battery

performance.
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Fig. 16 Scheme illustrating the role of cation-substituted LisPSsX (X = Cl, Br, I) SEs. Anode

side interface: (a) bare and (b) cation-doped SEs towards Li metal after cycling. Cathode side
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interface: (c) bare and (d) cation-doped electrolyte with layered oxide cathode materials aftei s 01
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Fig. 17 (a) Mechanism for the formation of a short circuit at the Li/Li-argyrodites interfaces.

Cycling with high current density

(b) A suggested pathway to prevent dendrite growth at the Li/Li-argyrodites interfaces via
liquid metal dopant. The role of liquid metal dopant for cycling with (c) high capacity and (d)
high current density.

3.2.3 Thermal stability of cation-doped LicPSsX (X =ClL, Br, I)
Otoyama et al. investigated the thermal stability of sulfide SEs Li;PS; and LiSnS, toward
oxide-positive electrode materials.’?> They assessed that the side reactions occur at the

electrolyte-electrode interfaces when the composite electrodes are heated in an accelerated
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aging test. Their findings indicated that the Sn-containing LiSnS,; SE demonstrated supeiiotso o
thermal stability due to the reduced substitution reactions between sulfur and oxygen (see Fig.
18). Additionally, thermally stable sulfide SEs facilitate enhanced cell construction processes.
The sintering of composite electrodes incorporating Li,SnS, resulted in denser electrodes with
improved o, thus boosting battery performance. Therefore, similar benefits can be expected

from using cation-doped Li-argyrodites to enhance the thermal stability of solid electrolytes.
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Fig. 18 The role of cation dopant in thermal stability.3%3

3.3 Multi-layer electrolyte

Luhan et al. developed a multilayer electrolyte system consisting of a less stable electrolyte
positioned between two more stable SEs.3% This design effectively inhibits Li dendrite
evolution through well-localized decomposition within the less stable layer. They conducted
experiments using symmetric cells to evaluate the stability of Li;(Ge,P,S;; (LGPS) and
Lis sPS,5Cl, 5 (LPSCI) electrolytes in contact with Li metal. The symmetric cell featuring pure
Li metal electrodes and LGPS electrolyte demonstrated rapid failure, indicated by a voltage
spark (Fig. 19a). While most sulfide SEs experience some level of decomposition upon contact
with lithium, the Li-argyrodites Lis PS5 yCl;;, exhibit greater stability in this context
compared to LGPS.10-31.46,97.307 [y tests, the LPSCI symmetric battery was able to operate for
over 150 hours (Fig. 19b) before ultimately experiencing a short circuit. Figs. 19a and 19b
illustrate two common failure modes: electrolyte decomposition causing increased
overpotential and a sudden voltage drop due to short-circuiting.® 3% XPS analysis revealed
significant decomposition of LGPS into reduced sulfur and germanium, while LPSCI showed

minimal decomposition, indicating that short-circuiting in the LPSCI battery was likely due to
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performance, lasting 1,800 hours at a CD of 0.25 mA cm2 (Fig. 19c¢), significantly
outperforming batteries using a single electrolyte type. Moreover, the multilayer symmetric
battery demonstrated the ability to cycle at an exceptionally high CD of 20 mA ¢cm™2 with a
low overpotential of approximately 0.5 V without noticeable short-circuiting at 55 °C (Fig.
19d).

Subha et al. proposed a bilayer SE comprising Li argyrodite LPSCI and halide SEs, in which
halide SEs face the cathode, and LPSCI faces the anode.>* When the LPSCI is placed at the
cathode side, it aggressively reacts with LCO (Fig. 19¢). They noted that the oxidative stability
of the halide electrolytes enables their use alongside high-voltage cathodes, addressing the
instability of LPSCI under such conditions (Figs. 19f and 19g). Fig. 19h outlines the desired

properties of electrolytes used in a multilayer design.
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Fig. 19 Designing multi-layer SE. a) and b) Li-Li symmetric cells comprising LGPS and LPSCl
SEs, respectively. ¢) and d) Long cycling using multi-layer SEs.3% e) Charge-discharge profile
of LiCoO;:LizYClg | LigPSsCI | Li—In at 10 C. f) Capacity retention and g) charge-discharge
profile of LiCoO;:Li;YClg | LizInClg | LigPSsCl | Li—In (red) and LiCoO,:Li;YClg | Li3YClg |
LigPSsCl | Li-In (blue) at 10 C. h) Scheme illustrating the suggested property of electrolyte

needed to fulfill in the multi-layer design system.3%
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4. Techniques for exploring interfaces DOI: 10.1039/D5EB00101C

The type and characteristics of interfaces in ASSBs are crucial because of the significant impact
of contact extent and big charge transfer impedance at these interfaces.3!%-312 Therefore, to
advance the development of next-generation ASSBs that fulfill diverse industrial and consumer
needs, it is vital to understand the phenomena of interfacial impedance, which can be studied
through advanced characterization techniques that reveal morphological changes and
electrochemical processes. While there are established methods for examining LE battery
systems, investigating interfacial behavior in ASSBs presents a significant challenge. The
interfaces in ASSBs are harder to isolate than those in LE systems. For instance, in LE systems,
electrode materials can typically be extracted for post-experimental analysis without causing
damage. In contrast, the fabrication of ASSBs often involves techniques like hot-press and
chemical or physical evaporation to achieve optimal interfacial contact.3'3 As a result, these
tightly integrated interfaces are not easily accessible without harming their surface conditions,
making it challenging to gather critical information regarding interfacial reactions and kinetics,
particularly for Li/SE interfaces.®> Thus, a new approach, ideally involving in situ
measurements, is necessary.’!4 Traditional studies often rely on ex-situ measurements
conducted in coin cells. However, interfacial research can also be performed using hybrid

cell33, symmetric cell’3!, or a combination of ex-situ and in situ methods.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The primary challenges in characterizing interfaces in ASSBs include the limited exposed
surface area and the sensitivity of these interfaces when extracted for analysis.®?> As a result,

many conventional techniques used for LE interfaces, such as infrared spectroscopy (IR), are

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

not suitable for ASSB interface characterization.?!> Therefore, characterization methods that

(ec)

offer high measurement accuracy in a narrow area and high protective properties of samples

during analysis are available for characterizing the interfaces in ASSBs.

In situ characterization is vital for examining interfacial phenomena in SSBs, as it enables the
observation of real-time changes in materials and interfaces during actual operating conditions
like charging, discharging, or temperature variations. Unlike ex-situ methods, which assess the
system after these changes have occurred, potentially missing or altering transient interfacial
states, in situ techniques are ideal for dynamic processes. However, ex-situ approaches still
play a key role by offering detailed structural insights (e.g., via TEM, TOF-SIMS), analyzing
surface chemistry under ultra-high vacuum conditions (e.g., with XPS), and evaluating bulk

properties after extended cycling periods.
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chemical/electrochemical, diffraction and images.

4.1 Coulometric titration time analysis (CTTA)

The CTTA method is effective for quantitatively analyzing decomposition reactions between
Li and argyrodite electrolytes, offering valuable insights into electrolyte stability.3!¢ This
versatile approach can also be applied to various electrodes and allows for the investigation of
how key operational factors, such as temperature and CD, affect the characteristics of the SEI

and cell degradation.

Burak et al.3!¢ developed the CCTA technique to quantify side reactions that occur between
redox-active electrode material and SE. Fig. 20 displays the results from a CTTA measurement.
In an ideal scenario, where the electrolyte is stable, and no decomposition reaction occur, the
cell potential would rapidly stabilize at E = 0 V after a period, as Li dictates the potential of
both the working and counter electrodes, achieving a symmetric cell stage. This would result
in an infinite potential at E = 0 V. However, if the SE is unstable and a decomposition reaction
take place, these unwanted reactions gradually consume the lithium metal that has been
‘titrated’. As long as some Li remains at the working electrode, the potential staysat E=0 V.
Eventually, once all the lithium metal is depleted, the potential at the working electrode
becomes variable, leading to an increase in cell voltage. In LPSCI solid electrolyte, the rise in
potential happens swiftly after the initial titration step (Fig. 20b). When the potential hits 0.05
V, an identical titration step is performed (marked in gray), resulting in the cell voltage
dropping back below E = 0 V as fresh lithium is accumulated on the current collector. During
the subsequent OCV period, it is observed that the time taken to consume all Li was greater
than during the preceding OCV period, indicating a reduced rate of side reactions following
the second titration step. As illustrated in Fig. 20c, the consumption of a similar extent of Li
metal takes progressively longer as the measurement continues, suggesting that side reaction
products form a passivating SEI layer. Fig. 20d presents the total charge used for side reactions
(qz=Z q(t;), where the total is the number of titrations multiplied by the step charge) in relation
to the duration of the experiment, enabling precise quantification of SEI growth over time. Fig.
20e indicates that this growth exhibits a linear relationship with the square root of time. For
LPSCl, a charge of 1 pAh cm™2 (approximately 3.7x10~® mol cm™2 Li) leads to an SEI thickness
of about 9 nm, supposing a compact mixture of Li,S, LiCl, and LisP, without any gaseous

byproducts.
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Fig. 20 CTTA measurements. a) Output for the LPSCI SE in a stainless steel/LPSCI/Li
assembly at a temperature of 25 °C and pressure of approximately 13 MPa. The potential
profiles are depicted for two distinct time intervals: an early stage (b) and a later stage (c) of
the measurement. The total stored capacity over time is illustrated in (d) as a function of time

and (e) as a function of the square root of time.3!6

4.2 X-Ray Photoelectron Spectroscopy

XPS is a well-established method for chemical analysis®!?, particularly effective in examining
the composition of interfaces in ASSBs. It offers high sensitivity, accuracy, resolution, and the
ability to test various elements across the periodic table. This makes XPS especially valuable
for obtaining valence band spectra, which are crucial for analyzing the electronic structure of
surfaces and interfaces in these systems. The SE/electrode interfaces are vital in ASSB, yet ex-
situ XPS fails to accurately capture these interfaces' chemical and electronic properties. In situ
measurements are possible by connecting an ultrahigh vacuum transfer system to the XPS
chamber’'®, allowing for real-time analysis of interfacial properties during electrode
deposition. Wood et al.!'7 utilized in situ XPS to investigate the interphase between lithium

and sulfide solid electrolyte during electrochemical cycling, finding that a Li;PO, phase forms
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during discharge.

Burak et al.>!° conducted operando hard X-ray photoelectron spectroscopy (HAXPES) study
on a sulfide-based SE, LicPSsCl, to examine its reduction reactions during lithiation and the
resulting development of SEI. As illustrated in Figs. 21a—21d, the surface of the solid
electrolyte pellet is coated with a 6 nm layer of nickel, which serves as both a CC and a working
electrode (WE). Li metal is pressed in place on the pellet's opposite side, functioning as a
counter electrode (CE) and a reference electrode (RE). This setup is termed an "anode-free"
configuration due to the absence of an initial lithium reservoir in a specialized holder connected
to a potentiostat. This arrangement allows for the gradual polarization of the WE to specific
potentials, eventually leading to the electrochemical plating of lithium metal below 0 V vs
Li*/Li. Utilizing the high photon energies from a synchrotron source enables the detection of
higher kinetic energy electrons, essential for analyzing the Ni|LPSCI interface beneath the 6
nm nickel layer within a proper timeframe. This methodology permits investigating the SEI
formed beneath a thin metal film, like the 6 nm nickel, in an electrochemical cell incorporating
the LigPSsCI SE. The electrolyte begins to undergo reduction reactions at 1.75 V (vs Li"/Li),
leading to the significant formation of Li,S, particularly within the voltage range of 1.5-1.0 V.
A heterogeneous and layered microstructure of the SEI is noted, with Li,O and Li,S deposits
primarily found near the CC. Additionally, the study reveals the reversibility of decomposition
products as Li,0 and Li,S degrade within the 2—4 V potential range, producing oxidized sulfur

species, sulfites, and sulfates.

Additionally, Zhang et al. employed complementary in situ approaches, including atomic force
microscopy (AFM) and XPS, to directly observe the morphological and chemical changes, Li
plating and stripping processes, and SEI dynamics at the Li and sulfide SE interface.’?° The
morphology at the open circuit potential (OCP) was first analyzed using AFM (Fig. 22a). At
the same time, XPS was employed to identify the functional groups present in LPS (Fig. 22g).
After applying a discharge overpotential (0.1 V) for approximately 240 seconds, small particles
began to show on the Li metal surface, as designated by the white arrows in Fig. 22b. After
600 seconds of Li plating, a few isolated particles were observed on the Li metal surface (Fig.
22c¢). In addition to morphological alterations, the chemical evolution at the Li-SE interface
during the Li plating process was investigated using in situ XPS (Fig. 22g). The emergence
and increased intensity of signals corresponding to Li,S, Li P, and Li;P reveal the formation

of SEI containing these components, which occurs concurrently with the Li plating process.
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An over-potential of 0.1 V was applied to investigate the Li stripping processes. As indicateds o o:c
in Figs. 22d-22e, the Li spheres began to dissolve upon application of the stripping potential.
After 600 seconds of stripping, most of the deposited Li spheres had dissolved, leaving
wrinkles at the sites where dissolution occurred (Fig. 22f). Analysis of the primary XPS signals
for Li,S, LitP, and LisP (Fig. 22g) indicated that these residual wrinkles were primarily due to
the SEI present at the interface. The detailed Li plating and stripping processes were elucidated
through in situ AFM and in situ XPS analyses. This approach allowed for a detailed
examination of the morphological/chemical changes of the SEI. The findings indicate that the
presence of the SEI, characterized by limited electron-conducting properties, plays a vital role
in sustaining the interfacial stability of LPS. The dynamics of lithium plating/stripping within
the LPS system were analyzed by examining the Li volumes derived from in situ AFM images.
Fig. 22h shows the changes in Li volume throughout the plating and stripping processes, with
the Li plating rate in the LPS system determined to be 0.15 pum?s. Simultaneously, the
evolution of species containing sulfur and phosphorus was investigated through quantitative
analysis of in situ XPS spectra, as depicted in Figs. 22i and 22j, respectively. The authors
concluded that the rate of lithium plating is not directly linked to the rate of SE decomposition

or SEI formation.

Despite the advantages of in situ XPS for monitoring electrochemical reactions at ASSB

interfaces, relevant studies remain limited. Integrating the charge/discharge testing apparatus

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with XPS equipment is a key challenge. Additionally, the electrode thickness required for in

situ tests must be nanoscale, complicating the application of common coating methods.3?!

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

Therefore, effectively designing ASSBs compatible with XPS technology is essential for

(ec)

advancing in situ XPS applications.
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Fig. 21 (a) Scheme illustrating the operando HAXPES experiment setup. (b) An enlarged view
of the operando cell. (¢) A confocal microscope image showing the Ni-coated stainless steel
perforated CC support. (d) A top-down SEM image of the operando cell. The normalized
HAXPES spectra, including peak fittings at various working electrode potentials, are presented
for (e) S 1s, (f) Li s, and (g) O 1s core levels. Normalized HAXPES detailed spectra change
during polarization to elevated potentials, with peak fittings for (h) S 1s, (i) Li 1s, and (j) O 1s

core levels.31°
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Fig. 22 In situ studies of the morphological/chemical evolution and dynamics at the lithium
and sulfide SE interface. /n situ AFM images of the lithium and LPS interface captured at
various potentials: (a) OCP, (b—c) cathodic —0.1 V, (d) 0 V, (e—f) anodic 0.1 V. (g) In situ XPS
spectra of the lithium and LPS interface at different potentials. Each AFM image's capture time
and the XPS spectrum collection is 300 s. (h) The Li volume alterations during lithium
plating/stripping. (i) Changes of the S-containing species during lithium plating/stripping. (j)

Alterations of the P-containing species during Li plating and stripping.32°

4.3 Raman spectroscopy

The Raman technique is a valuable tool for investigating various organic and inorganic
compounds at the interfaces of ASSBs, thanks to its suitibility, greater accuracy, and
undestructive nature.’?> 323 Li etal.?®* verified that decomposition reaction occur at the
interface between Ni-rich cathodes and sulfide SEs. At the same time, a Ni-poor coating layer
can mitigate these reactions. Raman spectroscopy also illustrated the structural alterations of

the P4S,¢/C cathode during lithiation and delithiation, indicating the formation of Li,PS, and
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PS,3species during lithiation, while the P-S characteristic peak returned without obserVifigs: o1

B0O0101C
P=S bonds after delithiation.325

Raman mapping, a derivative of Raman spectroscopy, offers an intuitive view of the phase
composition at ASSB interfaces. Luo et al. analyzed the surface of In foil after being in contact
with LigPSsCl and compared it with fresh In foil without contact via Raman spectroscopy. The
obtained result showed the formation of In,S; after In foil contacted with LigPSsC12°2. Rui et
al. examined the thermal stability of LicPSsCl and LiNijgCoy1Mng;0, mixture via Raman
spectroscopy!®3. The result indicates the formation of PO,*- and SO4%, Li,S, decomposition
products at 400-500 °C. Zhou et al. utilized in situ electrochemical Raman microscopy to
analyze the interfacial degradation of LigPSsCl with lithium metal and LiCoO,, detecting Li,S
during Li deposition and identifying polysulfides and P,S, species at the LigPS;Cl /LiCoO,
interface during charging (Fig. 23).3%6 Zeng et al. compared the stability of Lis 4PSs4Cly¢ and
Lis ;PS4 -Cl, 3 towards Li metal via in situ Raman measurement3?’. Their results showed that
for the Lig 4PSs4Clo ¢ cell, new peaks associated with P,Ss and Li,S,, emerged after charging to
3.6 V, with peak intensities increasing with voltage. In contrast, the Lis ;PS4 ;Cl, 5 cell did not
show decomposition product peaks, and the PS,>” peak intensity only slightly decreased,

indicating a self-limiting interface characteristic for Li/Lis;PS47Cl 3.
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Fig. 23 (a) The diagram illustrates the in situ Raman cell setup. In situ Raman spectra of

LigPSsCl/Li interface in Li/LigPSsCl /Cu configuration under (b) constant potential of -0.1V vs
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Li*/Li; (c) under varying potential. In situ Raman spectra of LiCoO,/LiPSsCl interface dufifigss o
(d) charging to 4.2 V and (e) discharging to 2.5 V.32

4.4 Electrochemical impedance spectroscopy

EIS is a virtual approach for examining the interfacial behavior between electrodes and SEs,
providing valuable insights into lithium-ion diffusion in ASSLMBs.??® It has been observed
that the interfacial stability and resistance during cycling can be assessed through the changes
in the semicircles observed in both low- and high-frequency ranges.??° Thus, EIS is a valuable
technique in electrochemical studies, useful for analyzing materials, complete cell devices, and
battery packs.?3 Chaochao et al.>3! examined how ¢ affects the impedance changes in ASSBs
during cycling through in situ EIS measurements. As illustrated in Fig. 24a, the bulk impedance
of the 3Li,S—Lil/Lis sPS,4sCl; s/Li—In cell elevated during the initial charging process, with the
increment in interfacial resistance attributed to the decomposition of the sulfide solid
electrolyte throughout cycling.33? In Fig. 24b, the 5Li,S—Lil/ Lis sPS45Cl; s/Li—In cell exhibited
similar changes in the resistances at the interfaces of the AM and the SE. However, these
resistance amounts were noticeably greater than those observed in the 3Li,S—
Lil/Lis sPS4 5Cl, s/Li—In cell during the first cycle, which can be ascribed to the enhanced o in
the cathode mixture following the addition of Lil. Furthermore, Zhang et al. compared the

interfacial stabilities of a single sulfide SE with the sandwiched sulfide SE in a Li-Li symmetric

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

configuration via in situ EIS and associated DRT measurements (Figs. 24c—24d). The results

demonstrated the advantages of sandwich SEs, revealing reduced resistance and stable

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

interfacial characteristics.320

(ec)

66


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00101c

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

EES Batteries

Page 68 of 100

View Article Online

(a) (b) DO!: 10.1039/D5EB00101C
6
@ 0.5V 0.5 A
g“' @ 11v Tdischarge ‘A ¥ P : ij Idischarge 8
£ 1 @ 15V 1.4v E 3 @ 1.5V
= / 2 :
H 1 1.5v, =
No —l No v M
8 10 12 14 16 18 12 15 18 21 24
" o Ichargeoa“o ” . o 22V L
_— v — 9
E 8- : iﬂsline 9%, ? 2.2v E 3 : :\rfisliﬂe Ichargao%:og
P 5° B
" o4 T T 1 Pristin N 0 . ‘
Terony = © 16 24 3% Thop 12 15 18 21 24
Voltage(V) Z'(Ohm) Voltage(V) Z'(Ohm)
(c) (d) ®
" 0 Cycle Number
S : -
N |- 0+ 0 10 2
100 \\\\'\‘\:'_' 0
S =
) N Y
= N * 104
E NS
N N 0
0 \J/

" L
o 100 200 300
Zre (Ohms)

- 2 " l ™ T ™ ™
R A | R (R L N )
)

Fig. 24 In situ EIS measurements. In situ EIS performed on LissPS,5Cl s-based ASSBs,
utilizing cathode mixtures of 3Li,S—Lil (a) and 5Li,S—Lil (b) during the first cycle at a CD of
0.13 mA cm2, within a voltage range of 0.4 to 3 V vs. Li—In at ambient temperature.’3' ¢) In
situ EIS of Li|[LPS-LGPS-LPS|Li cells operated at 0.1 mA cm™ and 0.1 mAh cm™. d) DRT
results from the in situ EIS of Li|LPS-LGPS-LPS|Li cells operated at 0.1 mA ¢cm™ and 0.1
mAh cm™2 320

4.5 Diffuse reflectance infrared Fourier-transformed spectroscopy

In situ diffuse reflectance infrared Fourier-transform spectroscopy (in situ DRIFTS) is a
method used to study the intricate changes in surface species of SEs.333 Our research team
examined the behavior of functional groups and C-S bonding during CO, adsorption on
LigPSsCl using in situ DRIFTS (Fig. 25).33* The adsorption of CO, facilitated an essential for
enhancing both interfacial and electrochemical stability between Li and LigPSsCl. The
emergence of the new S—CO, bond is critical for altering interfacial behavior, as it improves
interfacial stability between Li and LigPSsCl while decreasing cell resistance. Furthermore, the
Li|CO,@ LigPS;sCI|LTO configuration demonstrates impressive performance, achieving 62%

capacity retention and an extremely high coulombic efficiency of 99.91% after 1000 cycles.
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Fig. 25 In situ DRIFTS measurements. The in situ DRIFTS findings of CO, adsorption on
LigPSsCl at 150 °C show: (a) the initial condition under Ar purging and (b) the spectral

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

alterations of LigPSsCl when CO, is purged at a rate of 30 c.c. min!. (¢c) A depiction of

monodentate CO, chemisorption on LigPSsCl is also provided.?3*

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

4.6 Pressure measurements

(ec)

Yugqi et al.**> conducted operando pressure measurements to monitor pressure changes in
Li; 5Nig 13Mng 54Cog 130,-based ASSLBs during cycling, aiming to systematically explore the
connection between internal stress and electrochemical performance. A zero-strain LTO anode
was utilized as the CE, allowing the CAM to dominate the overall pressure changes. Both the
polycrystal (PC)- and single crystal (SC)-Li; ;Nig ;3Mng54C0y 130, cathodes displayed similar
pressure profiles (Fig. 26). The pressure decreased during charging and increased during
discharging, indicating high reversibility. This pressure variation primarily results from
volume contraction and expansion upon lithium extraction and intercalation from/into the
Li; 5Nig 13Mng 54Co00.130,, respectively.’3® However, it is noteworthy that the pressure
fluctuations in PC-Li;,Nig13Mngs54C00130, were less pronounced than those in SC-

Li; 5Nig 13Mng 54C00.130,. This difference can be attributed to two main factors: first, SC-
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lithium content and, consequently, more noticeable pressure variations. Second, uneven stress
distribution in the PC-Li; ,Nij 13Mng 54C0¢ 130, cathode can cause structural collapse, forming

gaps or voids that can partially accommodate the volume changes associated with electrode

breathing.
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Fig. 26 Operando pressure curves of PC- and SC-Li;,Nip3Mngs54C00 130, in LisTi50,)
Li6PS5C1’Li1.2Ni0.13M1’10.54C00.1302 CCHS.335

4.7 X-ray diffraction

X-ray diffraction (XRD) is a method used to analyze the structure of crystals. In this technique,
an X-ray beam is directed at a sample, which diffracts the rays in various directions due to its
crystalline structure. By measuring the angles and intensities of these diffracted beams,
crystallographer can create a three-dimensional representation of the electron density within
the crystal. This allows for the extraction of information about the crystalline structure,
including chemical bonds, crystallographic defects, and atomic distances based on the positions
of atoms. XRD is favored as an analytical tool due to its straightforward operation, minimal
contamination during detection, and ease of data processing, making it the most widely used

method for determining crystalline structures.3’

Hau et al.33® explored the microstructure of manganese-based cathodes using in situ XRD
measurements. They found that the nanoscale domain structure and the little coherence length

of partly disordered spinel-like domains are vital for the electrochemical performance of the 6-
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phase. These characteristics adequately mitigate the two-phase reaction typically,seetl s 1o
nanomaterials.’¥ Reducing the coherence length in a material can turn first-order phase
transitions into second-order transitions or eliminate them.34 In the 8-phase, a little coherence
length significantly impacts electrochemical performance by eliminating the 3 V plateau and
converting the related phase change into a solid solution region (Fig. 27a). This attribute of the
d-phase removes phase change strain as a potential decomposition pathway, allowing
manganese-based spinels to cycle across their entire theoretical capacity range. Furthermore,
forming the 6-phase enhances rate performance, aligning with previous theoretical findings
that spinel-like arrangements have a greater extensive low-barrier transition metal percolation
network, facilitating lithium transport. In the d-phase, a larger portion of the capacity is
delivered at greater voltages, which is advantageous for power delivery in practical battery
applications. The d-phase exhibits spinel-like voltage profiles and rates while maintaining a
sufficiently small coherence length to exist as a solid solution, thus inhibiting the two-phase

reaction observed in ordered spinels (Fig. 27).
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Fig. 27 In situ XRD measurements. In situ XRD measurement for Liy;Mnge5T191019F0 1
(LO7M65-DH) and LiMn,0O, during their initial cycle. Voltage profile (left) and in situ XRD
patterns (right) for (a) LO7M65-DH and (b) LiMn,O,. The current rate was 20 mA g™!, with
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in red, while those for tetragonal spinel are indicated in white.338

4.8 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is the most potent method for analyzing the
microstructure of metals and tracking their evolution. This technique provides quantitative data
on grain size, orientation, boundaries, and potential dislocations and strain within large single
grains.3*1-34 However, it necessitates a well-defined sample surface regarding flatness,
crystallinity, and chemical composition. Thin decomposition layers, often less than 50 nm, that
form on lithium?344 3% can obscure the electron diffraction pattern because EBSD has a limited

probe depth of about 20 nm. Consequently, there are minimal studies utilizing EBSD on lithium
foils.341. 346-348

Till et al.3*° developed a method to study metal growth and dissolution in anode-free solid-state
batteries using in situ electron backscatter diffraction (EBSD). Their examination throughout
cross-sectional deposition and dissolution provided insights into microstructural evolution
(Fig. 28), revealing that small lithium grains undergo annealing akin to Ostwald ripening. They
found that pore emergence during the discharge of the metal anode primarily happens at the
interface between the grain bulk and the solid electrolyte. Notably, the areas where metal grain
boundaries encounter the interface remain undamaged, this is because of the more rapid
diffusion of metal and vacancies along these boundaries. The density of nucleation is impacted
by factors like applied CD, temperature, and the surface characteristics of the SE.131, 330, 331
Furthermore, their in situ EBSD findings indicate that both grain nucleation and the growth
process are crucial for controlling the resulting microstructure. The applied CD may also affect
grain development during electrodeposition, and applying stack pressure could be an effective
method to manage the lateral extension of developing grains.?>?> Overall, this analysis enhances

the understanding of metal electrodes and their microstructural evolution.
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Fig. 28 In situ EBSD approach to examine the microstructural changes occurring during the
electrodeposition and electrodissolution of an alkali metal electrode in contact with a solid

electrolyte. (a) A schematic representation of the in situ EBSD setup (b) Voltage profiles for

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

depositing 50 um of Li at the Cu|Li|SE interface and for stripping Na until pore formation
occurs at the Cu|Q-Na|SE interface. The microstructural change during (c¢) Li plating and (d)

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

Na stripping.3#°

4.9 Cryo-Electron Microscopy

Cryo-electron microscopy (Cryo-EM), originally developed for structural biology, is
increasingly attracting interest from materials scientists who seek to exploit its capabilities for
studying beam-sensitive materials.3>3-3* Battery materials, particularly after cycling, are often
sensitive to air exposure, making cryogenic temperatures crucial for maintaining their native
state and preserving inherent information. Cryo-EM enables the observation of battery
materials with enhanced electron beam tolerance, minimizing radiation damage. For instance,
Li et al. utilized cryo-EM to image the atomic structure of lithium metal dendrites formed
through electrochemical deposition, as well as their interfaces with the SEI*>* (Fig. 29a). They

discovered variations depending on the electrolyte systems used, which aids in understanding
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the failing causes within high-energy batteries. This approach can also be appligd to Ofti¢t
chemically reactive and beam-sensitive materials. Similarly, Wang et al.>% investigated the
microstructure of electrochemically deposited lithium (EDLi) and its associated SEI at the
atomic level (Fig. 29b), noting how different electrolyte additives impacted the surface
properties of EDLI, thereby influencing Coulombic efficiency. This demonstrates cryo-EM’s
effectiveness in examining micro-mechanisms related to lithium materials that affect battery
efficiency. Zachman et al.3> also employed a novel cryo-FIB method to characterize and
extract intact interfaces from coin cell batteries for cryo-STEM analysis. Cryo-STEM's
structural/chemical mapping revealed insights into lithium dendrites' formation mechanisms
(Fig. 29c). These cryo-EM studies significantly enhance the perception of reaction
intermediates and mechanisms in lithium-metal batteries. By merging cryo-STEM with cryo-
FIB3%, new insights into interactions and failing causes at the lithium/solid electrolyte
interfaces may emerge, potentially leading to effective strategies for advancing lithium metal
anode technology. A comprehensive review of cryo-EM application in battery material

research is available for further reference.35¢

..........

=

Carbon Oxygen Fluorine

Fig. 29 (a) Atomic-resolution transmission electron microscopy images showcasing Li metal
and its interface with the SEL357 (b) Cryogenic transmission electron microscopy image
depicting EDLi.?>> (¢) High-angle annular dark field cryo-scanning transmission electron
microscopy images along with corresponding electron energy loss spectroscopy elemental

mapping for two distinct types of dendrites dendrites?38.

4.10 Scanning electron microscopy (SEM)

In contrast to ex-situ characterizations, in situ and operando techniques, such as SEM, enable

real-time observation of interfacial structural changes and phase transitions in non-equilibrium
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states during charging and discharging. These methods provide immediate ingjghts dHfos:, 01"
lithiation and delithiation processes, aiding in understanding structure-performance
relationships and electrochemical mechanisms in ASSLMBs. Recent studies have employed in
situ/operando techniques to examine interfacial challenges within solid-state systems. For
instance, in-situ SEM characterization has shown that achieving uniform Li deposition on the
SE and preventing dendrite formation is essential for facilitating highly reversible Li

deposition/dissolution reactions.?

Motohiro et al.?® investigated the Li deposition/dissolution processes at varying CDs in
sulfide-based ASSLMB using in situ SEM observations (Fig. 30). Fig. 30a presents schematics
of the Li/SE/stainless steel cells before cycling, along with a magnified view of SE and stainless
steel interface during charging/discharging. As Li is deposited onto the stainless steel during
the charging process, the space between the SE and stainless steel enlarges due to the increasing
thickness of the accumulated Li. Conversely, during discharging, as Li ions dissolve into the
SE, this space narrows. Fig. 30b illustrates the voltage curves for Li deposition/dissolution in
Li/SE/stainless steel cells at 0.01 mA cm? during the first and second cycling and at 0.05 mA
cm? during the third and fourth cycling. The cell maintains a relatively stable voltage of
approximately +40 mV for only two cycles at 0.01 mA cm?. Fig. 30c shows the morphological
changes at the SE/CC interface (first — second cycle). Unlike the morphology observed during

high CD electrochemical tests, no new crack or pillared deposit appears across the SE surface

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

during charge/discharge processes via a lower CD of 0.01 mA cm?.

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

Figs. 30d-30f displays SEM images of the interface morphology between the SE layer and the

stainless steel at the same location within the cell under different conditions: (d) immediately

(ec)

after a short circuit, (e) during Li deposition at 5 mA cm? for 10 minutes following the short
circuit, and (f) during Li dissolution at 20 mA cm? for 20 minutes after (e). These images
illustrate the morphological changes that occur when electrochemical measurements are
conducted at high current densities after short circuits, indicating limited Li deposition and
dissolution. In Fig. 30d, a pillared deposit is visible, emerging from big cracks in the SE layer's
surface. This deposit differs from the SE layer's morphology, suggesting it is lithium. In Fig.
30e, lithium appears to grow slightly during the deposition process compared to Fig. 30d, with
the dotted line measuring 6.6 mm in (d) and 12.8 mm in (e). A new big crack is observed on
the right side of the pillared deposit, likely resulting from the elongation of Li deposition,

demonstrating that lithium is extending from the inner part of the solid electrolyte layer. In
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other ways, Fig. 30f reveals that the pillared deposit decreases following the Li dissolufiom
reactions, with the dotted line in this image measuring 10.9 mm, which is smaller than the

measurement in Fig. 30e, confirming lithium contraction.

In general, their findings visually demonstrated that the morphologies of Li deposition change
with CDs. When the CD exceeds 1 mA cm™2, localized Li deposition causes significant
cracking, which reduces the reversibility of deposition/dissolution processes. Conversely, at a
low CD of 0.01 mA cm™2, the uniform deposition allows for reversible lithium processes and
minimizes the formation of harmful cracks. These outcomes indicate that obtaining uniform Li
deposition on the solid electrolyte and preventing Li metal development along grain boundaries
within the solid electrolyte are crucial for facilitating repetitive Li deposition/dissolution

without compromising the integrity of the solid elctrolyte.
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Fig. 30 In situ SEM measurements at different CDs. (a) Schematic diagrams illustrate the

Li/SE/SS cells before the cycle and a detailed view of the interface between the solid electrolyte
and stainless steel during charging and discharging. (b) Li deposition and dissolution curves

for Li/SE/SS are presented at a CD of 0.01 mA c¢m2 during the first and second cycles and at
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0.05 mA cm? during the third and fourth cycles. (c) SEM images of the interface sHOW o 01
conditions (A) after the first charge, (B) after the first discharge, (C) after the second charge,
and (D) after the second discharge. SEM images of SE/stainless steel interface at a similar
location within a similar configuration are shown (d) instantly following a short circuit, (e)
during Li deposition via 5 mA cm™2 for 10 minutes after the short circuit, and (f) during Li

dissolution via 20 mA c¢m™2 for 20 minutes shortly after (e).?%

4.11 Optical microscope

Di et al.’® examined the lithium plating/stripping phenomena in argyrodite-based ASSLMBs
using optical microscopy (OM). To explore the impact of current densities on the CE, they
performed an in situ OM study to analyze lithium plating and stripping behaviors during the
initial two cycles (Fig. 31a). As plating commences, small white spots appear on the surface of
SE, indicating nucleation of metallic lithium. This nucleation is observed to be random and
heterogeneous (Fig. 31b). As plating progresses, these white spots serve as seeds that enlarge.
The central region becomes black during this growth while the surrounding area remains white.
Ultimately, large white islands with a central black spot are randomly distributed across the SE
surface (Fig. 31c). During the stripping phase, the white islands are anticipated to shrink.
However, they unexpectedly expand even while lithium is being removed from them (Figs.

31d and 31e ), likely due to internal pressure within the in situ cell. As plating continues,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

additional white spots appear beneath the existing islands (marked by blue circles in Figs. 31f

and 31g). In the second stripping cycle, similar behavior was observed, characterized by the

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

expansion of the outer white areas and the shrinkage of the central dark regions (blue circles in

Figs. 31h and 31i). Overall, lithium eventually forms isolated islands on the surface of the

(ec)

SE.3¢! Additionally, a cell's plating and stripping processes that cycled at 200 pA cm™2
exhibited behaviors similar to those observed at 10 pA cm2. The initial lithium plating remains
non-uniform and localized. Still, with higher CD, more lithium islands form, featuring larger

central black spots, and these islands grow at an accelerated rate.
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Fig. 31 In situ OM measurements. a) Voltage profiles at 10 pA cm™2 along with optical images
taken at various time points, b) and c¢) during the first plating, d) and e) during the first stripping,
f) and g) during the second plating, h) and i) during the second stripping.3¢°

4.12 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Huo et al. investigated the phenomena of particles in the LigPSsCl matrix before cycling and
after 100 cycles via ToF-SIMS mass images (Figs. 32a and 32b)?62. Specifically, after cycling,
a layer exhibiting increased intensity of sulfur fragments was observed around the silicon
particles (Fig. 32b). This is interpreted as strong confirmation for the Li,S-rich SEI at the
Si|LigPSsCl interface.

a Before cycling b After 100 cycles oral

44 sEl
¥ at interfaces

LiS™5~

Lis™S

Fig. 32 ToF-SIMS images of the CI" fracture and the product of the LiS~ and S~ fractures in
Si/LigPSsCl composites before cycle (a) and after 100 cycling (b).3¢2

4.13 Kelvin Probe Force Microscopy (KPFM)

Recently, Wan et al. utilized in situ Kelvin probe force microscopy (KPFM), a robust technique
for monitoring potential variations, to visualize the lithium ion behavior in LPS|LGPS|LPS
sandwich electrolyte interfaces (Fig. 33a). The LPS|LGPS|LPS sandwich electrolyte will be a

model system to examine the interfacial interactions between distinct SEs. Fig. 33b shows the
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KPFM image of the LGPS|LPS interface at OCP. Upon applying an overpotential 0f -0 Nssco1o1c
the potential at the interface increased, as depicted in Fig. 33c. Both LGPS and LPS, as
inorganic SEs, have transference numbers close to unity, indicating that Li ions are nearly the
only mobile ions in these SEs.* Therefore, the increased interfacial potential was ascribed to
the accumulation of Li ions at the interface. Amplification of the overpotential led to a further
increase in interfacial potential (Fig. 33d), indicating a huge concentration of lithium ions at
the interfaces. KPFM imaging successfully visualized the distribution of the lithium-ion field.
Complementary COMSOL simulations (Figs. 33e-33g) provided further insight into this

phenomenon, confirming the results obtained from the in situ KPFM analysis.
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Fig. 33 Li-ion behavior at the interface between different SEs. (a) A schematic illustrating the
in situ KPFM setup and Li-ion interfacial enrichment at the sandwiched SE. In situ KPFM
images of the LGPS/LPS interface at various overpotentials of (b) OCP, (c) cathodic -0.5 V,
(g) cathodic -1 V320

Advanced in-situ and ex-situ characterization techniques are crucial for understanding solid
interfacial reactions, including structural evolution, phase transitions, and fundamental ion-
transport mechanisms at interfaces. These methods can help address interfacial challenges,

such as compatibility, stability, and resistance in solid-state systems, thus revealing the kinetics
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of reactions and mechanisms of decay in ASSBs. A combination of various in-situand ex:

methods is essential to investigate interface evolution further.
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5. Perspectives DOI: 10.1039/D5EB00101C

Improving the efficiency of ASSBs hinges on integrating SEs that exhibit significant ¢ at
ambient temperature and enhanced stability at interfaces. While Li-argyrodites stand out as the
most promising electrolyte for ASSBs, substantial challenges persist concerning the material
itself, electrode materials, and their interfaces, despite notable advancements achieved thus far.

To realize Li-argyrodite-based ASSBs, these problems should be solved first as follows.

» Optimization of SEs based on interfacial stability: Despite the current focus in ASSB
research on developing high ionic conductive SEs to match the conductivity of LEs, there
is a notable lack of consideration for the electrode—SE charge transfer resistance in the
design of these new SEs. While adding halides like I, Br, or CI can enhance the ionic
conductivity of Li argyrodites, they are incompatible with Li metal and high-voltage oxide
cathode materials due to numerous anionic redox phenomena while charging. This leads to
a thicker and unstable SEI and CEI layer with high interfacial resistance, making these
electrolytes impractical. Hence, there is a need to prioritize and conduct the examination of
SEs according to their interfacial characteristics with specific electrode materials. For
instance, using a cation-doped argyrodite SE and optimizing the interface stability between
lithium metal and the electrolyte through a Li-M alloy formation leads to a minimized

interfacial resistance.

» Mechanical property of SEs and electrodes: The mechanical characteristics of each
component in ASSBs are critical factors for ensuring successful cycle performance. This is
particularly crucial for the soft lithium metal anode because the development of lithium
metal dendrites and lithium plating/stripping kinetics are heavily influenced by mechanical
integrity around the interface. Applying lithophilic coatings on lithium anode stabilizes the
lithium and solid electrolyte interface, promoting non-dendritic lithium deposition but
typically at small current densities. Nevertheless, questions remain regarding the long-term
mechanical stabilities of these lithophilic coating layers, especially with higher capacities
of lithium depositions. For instance, a coating thickness of 1-2 nm is optimal for
electronically insulating but chemically protective layers like Al,O3, while a thickness of 5—
10 nm is more appropriate for lithtum-ion conductive coatings. In addition, heat treatment
(~400-600 °C) generally increases the crystallinity of argyrodite SEs, leading to improved

ionic conductivity. Pore size and distribution play a crucial role in shaping lithium-ion
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transport paths. They may act as stress concentration points, increasing the risk of fractiifess o0 c
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or lithium dendrite intrusion. Densification methods such as hot-pressing or sintering will
be employed to reduce porosity and enhance mechanical integrity. Mechanical strain
develops throughout battery cycling due to volumetric changes, requiring solid electrolytes
to endure compressive and tensile stresses without fracturing. Incorporating dopants can
enhance the ductility of solid electrolytes, helping to suppress crack initiation. At the
interfaces between solid electrolytes and electrodes, lattice mismatch can cause interfacial
strain and defects, compromising interfacial stability and elevating resistance. This
challenge can be addressed through the use of interlayers or surface coatings. Additionally,
interface defects such as cracks, voids, or delamination can obstruct ion transport and
contribute to mechanical degradation. Optimization of microstructural design and the
application of surface coatings can enhance interfacial contact and help prevent such
degradation. Furthermore, the mechanical characteristics and structures of new interfaces
toward battery performance, require thorough investigation. Detailed mechanical and
chemical modeling of interfaces under static and dynamic changes in electric fields is
necessary. Additionally, mechanical stress in ASSBs can extend over considerable
distances. For instance, extensive lithium depositions (negative electrode side) can induce
stress propagating through the solid electrolyte toward cathodes. This impacts chemical and
mechanical compatibility during cycling. Therefore, comprehensive stress characterization
at the full cell level is essential, as it is more relevant than focusing solely on characterizing

individual components in ASSBs.

» Appropriate and optimized binder: Binders are commonly employed to address issues such

as electrode or electrolyte disintegration and the disruption of conducting paths. These are
essential for achieving thin film electrolytes with robust mechanical properties, which
significantly impact battery performance. Traditional binders like PVDF, PTFE, or PEO are
typically electrically insulating and ionically inactive, which can hinder lithium-ion
transport, especially if they are unevenly distributed, potentially obstructing conductive
pathways. To enhance overall transport performance, dual-conductive binders can support
both ionic and electronic conduction. Additionally, binders may cause interfacial resistance
or create voids at the electrode-electrolyte interface, impairing effective solid-solid contact
essential for lithium-ion movement. Under cycling or thermal stress, some binders may
swell or deform, disrupting interfacial pressure and stability. As a solution, hybrid

inorganic/polymer binders will offer a good compromise by providing mechanical
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robustness and improved conductivity, thereby mitigating adverse effects:q Gfis5o101c

electrochemical transport. However, it's crucial to consider the interaction between Li
argyrodites and binders as a design factor for ASSLB electrodes. Therefore, it is strongly
advised that the adhesive properties of binders be thoroughly understood and the binder

quantity optimized before cell assembly.

» Pressure: In ASSB systems, the procedures related to external pressure during assembly are
closely linked to the stabilities of materials at atomistic/interface level. Applying external
pressure on the cathode side enhances interfacial ion diffusion, decreases interfacial
impedance, and boosts ion transport efficiency. Suitable pressure helps eliminate interfacial
voids on the anode side, preserving a continuous ion transport network. However, excessive
pressure may lead to short circuits, as many anode materials exhibit creep behavior under
high stress. Applying stack pressures in the range of 3—7 MPa can effectively minimize
problems such as lithium metal deformation and improve the physical contact between the
solid electrolyte and electrodes, lowering interfacial resistance and enhancing cycling
performance. The concept of local mechanical constriction connects the macroscopic
parameters of the device with the microscopic properties of materials. In such environments,
degradation reactions with positive reaction strains, leading to volume extension during

decomposition, may encounter a unique effect called constriction-induced meta-stability.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

This effect can cause a sudden change in the energy landscape related to these
decomposition reactions. Therefore, understanding the local mechanical constriction effect

and interfacial compatibility during cycling is crucial for exploring the potential to further

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

design this effect for Li argyrodites. This understanding could lead to unlocking battery

(ec)

performance improvements beyond what is currently achieved in commercial batteries.
Developing ductile electrodes, electrolytes, and interphases of a Li-argyrodite-based ASSB
is crucial for its practical application under reasonable pressure. For example, using a solid
electrolyte with intrinsically ductile and low porosity can help lower both the fabrication
pressure required during processing and the stack pressure needed during operation of

ASSB.

> Artificial intelligence (Al) and machine learning (ML): Machine learning models are
capable of forecasting key properties of solid electrolytes, such as ionic conductivity,
chemical stability, and compatibility with electrode materials, based on their structural and

compositional features. Moreover, ML can be utilized to simulate interfacial degradation
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phenomena, including the development of resistive interphase layers, by utilizing exted$ives ;o
molecular simulations supported by machine-learning-derived interatomic potentials. This
approach enables rapid evaluation of new material candidates before committing to time-
intensive experimental testing. Additionally, Al techniques assist in interpreting intricate
interfacial transport behaviors, including lithium-ion diffusion and the dynamics of charged

species.

Al and ML are poised to significantly enhance the development of battery technologies. To

realize this potential, several challenges must be addressed:

i. Establishing standardized protocols: Developing widely accepted standards for data
collection, processing, and reporting in battery research is essential. This includes
defining data formats, measurement conditions, and performance metrics to ensure
consistency and comparability across studies. Implementing systematic data disclosure
practices will facilitate data sharing and collaboration within the research community.

ii. Identifying appropriate descriptors: Selecting the most relevant descriptors (features)
for ML models is crucial. Descriptors should capture the underlying physics and
chemistry of battery materials and interfaces to enable accurate predictions. Integrating
domain-specific knowledge can aid in identifying these descriptors and improving
model interpretability.

iii. Quantifying model uncertainty: Determining the associated error or uncertainty of ML
models is vital for assessing their reliability and robustness. Implementing uncertainty
quantification methods can help identify areas where models may be less confident and

guide further data collection or model refinement.

Addressing these challenges will pave the way for Al and ML to play a transformative role in
the advancement of battery technologies, leading to more efficient, durable, and sustainable

energy storage solutions.

» Characterization techniques: While advanced characterization techniques have revealed
crucial mechanisms related to interfaces, most of these methods are ex-situ, providing
limited real-time information. On the other hand, in situ/operando approaches are essential
for understanding interface composition and structure, which are vital for ASSB design. In
situ characterization is essential for capturing the dynamic and coupled chemo-mechanical

processes occurring at interfaces in SSBs. For example, in situ X-ray computed tomography
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(CT) facilitates the real-time observation of morphological changes within SSBs, dufifigs: or
cycling, such as the development of cracks and voids in the SE and at interfaces. These
structural alterations can lead to capacity loss and failure. Identifying these changes is
crucial for understanding failure modes and guiding design improvements. In addition,
optical coherence tomography (OCT) is a non-invasive, high-resolution imaging technique
that enables real-time, cross-sectional visualization of internal structures in SSBs. It has
been effectively employed to monitor the morphology, growth, and evolution of lithium
dendrites at the interfaces between electrodes and SEs during cycling under various
conditions. This capability allows for the dynamic observation of dendrite formation and
progression, providing valuable insights into the mechanisms affecting SSB performance
and safety. At the same time, ex-situ methods serve as valuable complements by delivering
high-resolution structural or compositional information after changes have occured.
However, ex-situ techniques offer only fixed, post-mortem views, which can miss short-
lived or intermediate phenomena. Additionally, transferring samples to measurement setups
can introduce artifacts, such as reactions with air or moisture, and these methods often
struggle to accurately reflect the true interfacial chemistry, particularly in reactive materials
like sulfide-based electrolytes. However, extracting solid-solid interfaces embedded in
ASSBs presents challenges. Moreover, due to the fragility of interfaces, solid electrolytes,

and lithium metal, cryogenic protection is vital to reduce beam destruction and stabilize

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

samples. Hence, developing and customizing new techniques with integrated functionalities
is crucial for obtaining information on structure, composition, and kinetics. In general,

computational modeling and experimental methods necessitate high-throughput screening,

Open Access Article. Published on 03 June 2025. Downloaded on 6/7/2025 5:02:23 AM.

diagnosis, and interfacial engineering for ASSBs.
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