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Review of interface issues in Li—argyrodite-based

solid-state Li—metal batteries¥
Berhanu Degagsa Dandena,®® Dah-Shyang Tsai, & ® She-Huang Wu,*¢
Wei-Nien Su () *“9 and Bing Joe Hwang () *&Pde

Sulfide solid electrolyte-based all-solid-state Li-metal batteries (ASSLBs) offer increased safety, extended
cycle life, reduced costs, and increased energy and power density. However, sulfide-based electrolytes
exhibit poor interface stability when they are in contact with active materials (anodes or cathodes). Issues
of low capacity, inefficient coulombic efficiency, huge polarization, and capacity decay in ASSLBs are pri-
marily 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 chemomechanical processes and physical and (electro)chemical properties regulates the
charge transfer phenomena at the interfaces. In this review, we identify the factors that affect the inter-
facial phenomena and properties of Li—argyrodite-based ASSLBs. Meanwhile, we also summarize the
strategies and propose future perspectives to advance Li—argyrodite-based ASSLBS.

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 metal batteries (ASSLBs) due to their high ductility, improved ionic conductivity, and versatile synthesis methods. Recently, Li-argyrodites
LigPS;X (X = Cl, Br, I) were recognized as one of the most promising sulfide electrolytes, thanks to their intrinsically outstanding structures and electro-
chemical 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 ASSLBs while summarizing strategies and proposing future directions for developing these batteries.
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materials. Figures: XPS spectra of the S 2p and P 2p signals for cycled and
uncycled composite cathodes with and without VGCF after surface cleaning, the
influence of carbon on SE degradation, Li coating techniques, schematic repre-
sentation of how protective layers help prevent lithium dendrite formation in
SEs, scheme illustrating the criteria that binders are expected to fulfill, plots of
ionic conductivity versus pressure for samples with various binder materials,
and the impact of pressure on the battery assembly. Tables: Comparison of the
electrochemical performance of coated/doped cathodes with bare cathodes, sol-

Sustainable Electrochemical Energy Development (SEED) Center, National Taiwan
University of Science and Technology, Taipei 106, Taiwan

National Synchrotron Radiation Research Center (NSRRC), Hsin-chu 30076, Taiwan
TElectronic supplementary information (ESI) available: Interfacial challenges:
Assembly, additives, and space charge layer. Strategies to improve the interface
stability: Li metal coating techniques, protection layers, appropriate additives,
appropriate assembling techniques, and utilizing the appropriate ratio of
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vents and binders used for wet-slurry preparation of ASSLB electrodes using Li-
argyrodite SEs, properties of LigPSsCl film with different binders, the Hansen
solubility parameters for the chosen polymer binders and p-xylene solvent, and
the conductivity of the Li-argyrodites as documented in the literature along with
the preparation pressure, stack pressure, and electrode material. See DOI:
https://doi.org/10.1039/d5eb00101c
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1. Introduction

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."?
To alleviate these problems, ASSLBs 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 (¢) 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 attracted much interest among
various types of SEs.*® Furthermore, sulfides offer an advan-
tage 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 SEs helps to provide light
contact at the electrode/SE interfaces, inducing a substantial
enhancement in cycle performance. Li-argyrodites have favor-
able electrochemical characteristics for ASSLBs, including high
6.° The electrolyte/electrode interface must be considered
despite these various benefits. It was previously reported that
Li-argyrodite LigPS;X (X = Cl, Br, and I) SEs displayed inter-
facial reactivity toward layered oxide cathode materials during
cycling. LigPSsX can undergo oxidation to produce Li,S,,
elemental sulfur, P,S;, phosphates, and LiX.'*'* Moreover,
when the sulfide SEs and layered oxide cathodes interact,
space-charge layers (SCL) and elemental mutual diffusion
occur. An unstable interface causes cell failure and capacity
degradation within ASSLBs.'>'® Parallel to this, LigPSsX’s
incompatibility with Li metal causes an unstable anodic inter-
face, resulting in high interfacial resistance. This leads to
unmanageable lithium deposition and results in short circuits.
By taking advantage of superior ¢, outstanding electrochemical
properties, and excellent machinability, it is crucial to boost
the compatibility of LigPSsX and electrodes to inhibit inter-
facial 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 the 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 ¢ (approximately 107 to 107> S cm™*),**° which is
comparable to that of organic LEs (typically around 107> S
em™?, 25 °C).>>*! This suggests that SE materials have signifi-
cant potential for next-generation batteries. Third, Li-argyro-
dites exhibit greater stability over a wider temperature range
than organic LEs, allowing the ASSLBs to run effectively within
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a temperature interval of —30 to +160 °C.?* All these properties
show that Li-argyrodites hold great promise for next-gene-
ration batteries. However, SE and electrode interfaces pose a
significant scientific problem that will prevent the actual
deployment of ASSLBs.

In this review, we assess interface issues of Li-argyrodite
LigPS5X (X = Cl, Br, and I) electrolytes for a range of essential
aspects: the interface between Li-argyrodites and the anode,
the interface between Li-argyrodites and the cathode, Li-argyr-
odite SE and electrode assembly issues, and Li-argyrodite and
electrode contact issues. This review also summarizes several
advanced interface measurement techniques. Finally, we intro-
duce strategies to improve interface stability and provide our
future perspectives.

2. Interface challenges

Argyrodite-type solid electrolytes, particularly those based on
the LigPS;X (X = Cl, Br, and I) family, are considered promising
candidates for ASSLBs due to their high lithium-ion conduc-
tivity, ease of processability, and relatively low synthesis temp-
eratures.>® However, despite these advantages, their practical
application is hindered by significant interface-related issues.

One of the primary challenges is chemical and electro-
chemical instability at the interfaces 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 trans-
port, and poor long-term cycling performance. In addition, at
low potential, argyrodite SEs endure a reduction of phos-
phorus (around 1.08 V vs. Li/Li") upon electrochemical lithia-
tion and produce Li,S, LiX and P as a by-product, making
them incompatible with Li metal.?®>° Argyrodite SEs also
produce Li,S, LiX and LizP as a by-product when in contact
with Li metal (chemical decomposition).**

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
insufficient densification during cell assembly. This mechani-
cal mismatch contributes further to increased resistance and
capacity fading.*?

Therefore, addressing 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
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Fig. 1 (a) Challenges of SE and electrode interfaces in ASSLBs.>? (b) Scheme illustrating the oxidation and reduction of LigPSsX (X = CL, Br, 1) argyro-
dite 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)., SEl (Rsg) and charge transfer (Rct) processes.

46,47 (d)

Variation in interfacial resistance, Rint (Rsg) + RcT), from fitted EIS data as a function of the amount of charge passed during Li plating at current den-

sities, Jo5 = 2.5 mA cm™2, Jo5 = 0.5 mA cm™2, Jo 05 = 0.05 mA cm

~2 and Jo.o1 = 0.01 mA cm™2.4647 (e) Schematic representation of the likely mecha-

nism of SEI formation and Li plating as a function of applied current density, at J» 5 (Jnign) and Jo o1 (Jiow)*®

with Li metal, often resulting in contact angles greater than
90° when in contact with Li. This poor wettability hinders inti-
mate contact and reduces the area available for efficient Li-ion
transport.>® Additionally, designing hierarchically intercon-
nected microstructures in non-Li-based electrodes is challen-
ging, 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 electro-
lyte-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
cycling stress can initiate and propagate cracks at the interface,
progressively weakening the interfacial contact.®”

694 | EES Batteries, 2025, 1, 692-743

Sluggish charge transfer kinetics at the SE/electrode inter-
face can raise the area-specific resistance. Side reactions often
exacerbate this, which may occur when the electrode’s operat-
ing 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 inter-
face.’” 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.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Li dendrite growth at the Li/SE interface or within the SE
can lead to serious short circuits. 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.*® 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-con-
ductive 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. Janek et al>' used
X-ray photoelectron spectroscopy (XPS) to confirm that LigPS;X
would decompose at the interface due to the strong reduction
of lithium. Some of the LisPS;X decomposed on the surface of
lithium metal to form the SEI with the ingredients of
decomposition products such as LiszP, Li,S, and LiX (Fig. 1b).
The SEI leads to increased interfacial resistance and hindered
the conduction of lithium ions. An additional study by
Wagemaker et al.>® revealed that the thermodynamic decompo-
sition reaction of argyrodite SEs with the anode side was not
instantaneous. Taking argyrodite LisPS;Cl as an example, it
was first reduced to unstable Li,;;PS;Cl, and then Li,{PS5Cl
was further reduced to Li,S, LiCl, and LizP. In this process, the
intermediate phases generated, such as S, Li,S, and LiCl, not
only produced a large volume expansion but also led to the
destabilization 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 the
argyrodite SE and NCM interface, due to the affinity of oxygen
to react with phosphorus and sulfur, phosphate (PO,) and
sulfite/sulfate (SO,) and polysulfide (S,) fragments are
regarded as indicators for oxygen-involved degradation.*'**

Narayanan et al*® studied how interfacial impedance
changed 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. 1c.*® 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.”’ attributed the inclusion of the latter to an impedance
at low frequencies arising from a lithium vacancy diffusion
gradient generated most likely at the interface between Liln
and LPSCL In this equivalent circuit, one of the parallel cir-
cuits (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 Qcpg ~ 107° F s !, with a as the constant phase,
as estimated from the CPE component of electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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impedance spectroscopy (EIS) spectral data fitting). The other
circuit element pairs (R;||CPE; and R,||CPE,) exhibiting rela-
tively higher effective capacitances (Qcpg ~ 107*-107> F s*7)
can be understood to represent the LPSCI-Li interface and
charge transfer (CT) processes, respectively, as plating begins
with the formation of an SEL*®™*® The variations in impedance
can thus be attributed largely to the interface, which com-
prises the SEI and CT components represented by the spectra’s
low-frequency segment.’®™*® The interfacial impedance (Rin)
can then be approximated as Riy = Rsgr + Rer,'® where Rer is
related to the intrinsic kinetics of the system.**! Indeed, a
plot of combined resistances from SEI and CT contributions
(Fig. 1d) suggests that at low current densities (in this study,
Jos and Jo 05), the interfacial resistance asymptotically reaches
a minimum. In stark contrast, for Li plating conducted at a
significantly higher current density (/,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 pA h cm™ of charge passed, beyond
which the effect diminishes as expected, while plating pro-
ceeds 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 (Li;P in particular) and the
presence of a greater fraction of metallic Li in XPS analyses, all
observed within ~10 pA h em™? 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).

As mentioned above, the increase in impedance at the inter-
face between argyrodite SEs and electrodes is mainly due to
interfacial reactions and the accumulation of electrically insu-
lating byproducts.>'**** These reactions, particularly at the
anode, result in forming an SEI and possibly lithium den-
drites, both disrupting lithium-ion movement and elevating re-
sistance. The key mechanisms that lead to a continuous rise in
impedance include:

i. 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.”***

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 increas-
ing 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.>*>’

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.’®*® This disrupts the flow of
lithium ions within the electrode. Phase changes in the elec-
trolyte, such as the formation of SEIs, can create barriers to
ion transport.®® These barriers increase the resistance within
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the electrolyte and impede lithium ion transfer between the
electrode and the electrolyte. Phase transitions within the elec-
trode material, such as the shift between different lithium
intercalation stages, can introduce additional resistance.’®>°
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, microstructural changes, capacity fading, and
reduced power density.

Generally, each interface in an ASSLB can be divided into
one of three primary classes®"®> based on stability (Fig. 2):
Type I, a thermodynamically stable interface lacking a reaction
driver. The interface between the solid electrolyte and the elec-
trode 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 II, reacting to generate a mixed
ionic-electronic conducting interphase (MCI), a non-passivat-
ing interphase exhibiting both ionic and electronic conduc-
tivity. An MCI can form 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 inter-
facial reactions that produce a new, passivating layer—the SEI.
This SEI layer is a stable protective barrier that blocks elec-
tronic conductivity (acting as an insulator) and enables Li-ion
transport. By preventing electronic conductivity, the SEI stops

Stable interface

Unstable interface
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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, o of
the SEI is essential for overall battery efficiency.®* Although Li-
argyrodite SEs have demonstrated impressive scientific and
industrial advances, difficulties are still presented when
sulfide SEs are incorporated into ASSLBs, particularly when
used with high-voltage cathodes and lithium anodes.®*"*® The
generalized concept of ASSLB cells is displayed in Fig. 3.

Moreover, although SSBs perform well at room and moder-
ate temperatures (5-20 °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.”””* To address this, Lu
et al.”? introduced a systematic test and analysis framework,
which identified the primary limiting factors at low tempera-
tures as sluggish ion movement through the interfacial reac-
tion layer and impaired charge transport at the degraded
surface of the LCO cathode.

To explore the behavior of SSBs under low-temperature con-
ditions, simulation methods provide crucial insights into their
working mechanisms, aiding the advancement of the field.
Shen et al.” built a two-dimensional model of SSBs using
multi-physics simulation software and discovered that redu-
cing the SE thickness could enhance the low-temperature rate
performance. Specifically, with an electrolyte thickness of
0.6 pm, 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 required 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
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Fig. 2 Scheme illustrating the three possible types of interface between LigPSsX (X = CL, Br, 1) and lithium.
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Fig. 3 The generalized concept of the Li—argyrodite-based ASSLB cell.

charging performance of SSBs at low temperatures, consider-
ing the impact of interfacial contact degradation. Their find-
ings 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 electro-
chemical tests on ASSLBs 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 resis-
tance, improving battery capacity. However, at even higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures, three heat-related processes become closely
interlinked. Typically, heat generation initiates the sequence
that can lead to thermal failure. Over time, as 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 surpasses the
system’s thermal tolerance and causes sufficient material
degradation, it can eventually trigger thermal runaway.

2.1. Electrolyte-anode interface

Although much research is carried out to raise ¢ of lithium
SEs, electronic transport is also crucial for ASSLB cycling stabi-
lity, calendar life, and energy density. Only Li ions should be
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able to move between electrodes in an ideal SE, which would
have minimal electronic conductivity and elevated . The
outcome of electronic conduction in SEs would be the self-dis-
charge of ASSLBs driven by electronic leakage.”® Li kinetics are
ultimately hindered by the interfacial resistance and electronic
conductivity of SEs generated, 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 sluggish charge transfer
reactions at the interface.®' In addition, if the SE conducts
electrons, 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., Li,S, 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.*>®> The rapid and non-uniform
deposition of Li can lead to the formation of dendritic struc-
tures on the Li metal surface.*® These dendrites can grow and
penetrate the SE, potentially leading to short circuits within
the battery."”®® Dendrites can propagate along grain bound-
aries due to the inherent structure of the SE.**®® As dendrites
grow, they can cause mechanical stress and damage to the sur-
rounding 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.®¢®® The
results from our group and Wang’s group indicated that the SE
with the lowest electronic conductivity demonstrated enhanced
capability to suppress lithium dendrite formation.*®%°

For many years, graphite has been commonly utilized as an
anode material. With a specific capacity greater than 3500 mA
h g7, silicon (Si) has become a viable substitute for the graph-
ite anode with a specific capacity of about 370 mA h g~*. This
transition aims to boost energy densities for numerous energy-
storage applications, including portable electronics and elec-
tric cars.’”®' Despite its potential, the commercialization of
the Si anode is hindered by issues related to cycling stability
and shelf life. These limitations are aggravated by the signifi-
cant volumetric expansion of silicon (over 300%) during lithia-
tion. 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 con-
sidered the best alternative anode material with its exception-
ally high theoretical specific capacity (3860 mA h ¢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 ASSLB configurations.’® In the following parts, the Li
anode is generally referred to, although it is important to note
that this analysis is also relevant to silicon and carbon anodes.
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Metallic Li has been the main focus of most ASSLB studies
to maximize cell energy densities.””””® A great obstacle to
improving the efficiency of ASSLMBs is the interface between
SE and electrodes. This interface is crucial for understanding
battery electrochemistry, as it is the site where lithium ions
and electrons interact and are deposited in the electrode
through processes such as intercalation, alloying, or
plating.®®™'°* The interface is often complicated by the exist-
ence of passivation layers on the electrode. Characterization of
this layer on negative electrodes started with Dey’s findings for
Li metal immersed in non-aqueous electrolytes.”® In 1979,
Peled announced the idea of the SEI as a passivation layer that
was electronically insulating and ionically conductive,
emerged between the electrode and electrolyte, and functioned
as an SE.' Thus, it is called the SEL This model was further
enhanced with compositional information observed over two
decades and summarized by Peled et al'°* in 1997 and
Aurbach et al.*®* in 1999. On one hand, a dense and unda-
maged SEI can hinder electron passage, thereby preventing
further degradation of the SE, which is essential for the chemi-
cal and electrochemical stability of ASSLB. Conversely, the
emergence and development of the 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.,
LigPS5X, where X = Cl, Br, I) can vary significantly, impacting
interfacial resistance and overall battery performance."'%®
When lithium metal contacts argyrodite electrolytes, a chemi-
cal reaction occurs, leading to the formation of an SEI com-
posed of Li;P, Li,S, and LiX. The rate at which interfacial resis-
tance increases can differ among various argyrodite compo-
sitions. For example, LigPS;Cl forms a protective interphase
consisting of LizP, Li,S, and LiCl when in contact with lithium
metal. In contrast, LigPSsI exhibits more reactive behavior,
resulting in a different SEI composition and potentially higher
interfacial resistance.'?31196:107

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 thermodynamic instability of lithium
metal because of its high Fermi energy level can result in irre-
versible and continuous reaction between lithium and SE that
produces a thick solid SEI layer on the lithium metal surface,
consume lithium and SE, and elevate the internal resistance,
thus shortening the cycling span; and (3) repeated plating and
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stripping operations can cause significant volumetric and mor-
phological alterations to the lithium metal anode; however,
the previously mentioned SEI coatings are very thin to inhibit
such substantial alterations to the lithium metal anode
completely.'®'* These adverse effects may result in signifi-
cant safety risks and a loss of efficiency. These harmful effects
might be mitigated by SEs that are chemically stable towards
the lithium anode. Nevertheless, several unanswered questions
remain about the kinetics and nature of ion transport at Li/SE
interfaces. To realize energy-dense ASSLBs, the Li metal mor-
phology must be controlled during stripping/plating processes
at the Li/SE interface.*®*' 11

At low potential, LigPS;Cl 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 the lithium anode.*®**° LigPS;Cl also pro-
duces Li,S, LiCl, and Li;P as byproducts when in contact with
the lithium anode (chemical decomposition).**

Narayanan et al. studied the development of the SEI during
virtual electrode plating at the LicPSsCl surface via XPS
measurements.”” In the left panel of Fig. 4c, the Li 1s spectra
at an electron beam current (EBC) of 30 pA with joq &~ 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,CO;.>"**¢
In addition, the authors determined that Li deposited 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 2ps, binding energy of
around 160 eV, highlighted in brown in Fig. 4e) quickly
emerges as more lithium is plated. This component of the Li-
LigPS;5Cl SEI is well-documented and forms even under con-
ditions where Li is deficient.*"'*""” A detailed analysis of the
constitution from spectra collected at various EBCs (Fig. 4f)
reveals that the reduction of LigPSsCl to Li,S occurs signifi-
cantly faster at 0.15 mA cm™> (greater CD). In contrast, at lower
current densities (jeq < 0.05 mA cm™?), only about 70% of the
S 2p spectrum consists of the reduced sulfide families. This
suggests that the reaction kinetics is slower at low CDs due to
multiple reduction reactions competing for available reactants,
such as plated lithium. Furthermore, analyzing the P 2p
spectra shows that at the highest current density (jeq), for an
equivalent charges passed value of less than 5 pA h cm™2,
there is a rapid reduction to a low binding energy doublet
feature (2ps, ~ 126 eV), indicative of fully reduced Li;P
(Fig. 4g, left panel, green area). In comparison, at lower
current densities (jeq < 0.05 mA cm™?) and the same extent of
charge, more notably, the initial SEI consists of a broad spec-
tral feature (126 eV < B.E. 2p3, < 131 eV), which is indicative of
partly reduced Li,P. Over time, continued plating at these
lower current densities also leads to the formation of LizP.
However, this process is slower and followed by a notable
reduction in the total P 2p spectral intensity, indicating the
deposition of plated lithium metal. These findings indicate
that a LizP-rich SEI forms more quickly in the early stages of
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plating via large CDs, even with a low value of equivalent
charges passed. The fragmentation of LizP as a function of
equivalent charges passed, especially for g, < 10 pA h em™
(Fig. 4h), supports this observation. Additionally, as seen in
Fig. 4e and g, the XPS signal for pristine LisPS5Cl components
diminishes more rapidly at high current densities for the same
value of equivalent charges passed (e.g., a = 12.8 pA h cm™2).

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 LisPSsCl 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 sulfide
decomposition.?® According to Zeier’s group, LigPS;X disinte-
grates into an interphase made of Li;P, Li,S, and LiX when it
comes into contact with Li metal.>* This interphase acts as an
SEI and raises the interfacial resistance. For instance, accord-
ing to this group, after contact with Li metal, LisPSsCl decom-
poses into Li,S, LizP, and Li,O (Fig. 4i). The degradation of SEs
is prompted by increased interfacial resistance.

Another issue at the Li/Li argyrodite interface is the growth
of Li dendrites.""”"**> Lithium dendrite is broadly seen in
various types of SEs."*® Dendrites typically expand in the direc-
tion of grain boundaries. Sulfide SEs exhibit apparent den-
drites because of weaker adhesion between sulfide particles,
which results in a lower resistance to dendrite formation than
in oxide SEs.*® Irregular lithium deposition at the anodic inter-
face enables lithium dendrites to pass through the grain
boundaries or voids within the bulk of Li argyrodite SEs, indu-
cing battery degradation. Kasemchainan et al. recently showed
that the critical current density (CCD) was essential for the
lithium plating/stripping characteristics utilizing LisPS5Cl
SEs.*® As seen in Fig. 4b, voids develop with lithium bulk
around the interface with the SE when lithium is withdrawn
from the interface at a CD that exceeds the rate of replenish-
ment. These voids accumulate over the course of subsequent
cycles. The margins of these voids concentrate greater CD than
other areas, eventually causing the formation of Li dendrites.

The quantity of the CCD is crucial as it determines the
power density of a cell. Small CCDs are typically attributed to
uneven potential 