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Abstract

All solid-state lithium batteries (ASSLBs) overcome the safety concerns associated with traditional lithium-ion batteries and
ensure the safe utilization of high-energy-density electrodes, particularly Li metal anodes with ultrahigh specific capacities.
However, the practical implementation of ASSLBs is limited by the instability of the interface between the anode and solid-
state electrolyte (SSE). To mitigate this, considerable research has been dedicated to achieving enhanced stability at the
anode/SSE interface. Among the current strategies for enhancing interface performance, the concept of Li-alloy materials is
extensively used and well functionalized in various scenarios, including Li alloys as anodes, Li-alloy interlayers and Li alloys
in the anode. Despite the notable achievements of Li-alloy materials in ASSLBs, the functionality, practicality and working
mechanism of Li-alloys have not been fully elucidated. This review commences by providing an exhaustive and in-depth
examination of the fundamental kinetics, thermodynamics, and mechanics, highlighting Li-alloy materials. Subsequently,
through a systematic interconnection of material properties and their practical applications, we undertake a comprehensive
analysis of the operative principles governing Li alloys. This analytical approach allows a thorough evaluation of the viability
and utility of Li alloys within the context of ASSLBs. Finally, this review concludes by succinctly summarizing the future
prospects and inherent potential of Li-alloy materials for further advancing the field of ASSLBs.
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1 Introduction

Since their commercialization in the 1990s, lithium-ion bat-
teries (LIBs) have revolutionized the use of power sources
for electronic devices and vehicles by providing high energy
densities and efficient rechargeability [1-3]. However, as
the field of energy storage technology advances, the current
energy density of LIBs is rapidly approaching its theoreti-
cal limit of approximately 300 Wh kg~! [4—7]. This limita-
tion renders LIBs inadequate for meeting the progressively
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escalating energy storage demands of contemporary soci-
ety. Furthermore, the utilization of organic electrolytes
and membranes in traditional LIBs causes flammability
concerns, particularly when high-energy-density anodes
(such as Li metal) and cathodes (such as layered oxides) are
employed to extend the boundaries of energy density [8—11].
To address these challenges, there has been a significant
surge in the development of all-solid-state lithium batter-
ies (ASSLBs). ASSLBs have the potential to overcome the
safety concerns associated with traditional LIBs by replac-
ing the flammable components with solid-state electrolytes
(SSEs) [12-14]. This fundamental shift from liquid elec-
trolytes to SSEs inherently eliminates the risk of thermal
runaway, ensuring the safe utilization of high-energy-den-
sity electrodes, particularly Li metal anodes, which have a
remarkable theoretical specific capacity of 3 860 mAh g~
In addition, ASSLBs can be internally connected in series to
deliver high energy density from the standpoint of practical
production [15-18].

However, the practical implementation of ASSLBs pre-
sents a significant challenge with respect to the unstable
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interface between the anode and SSEs. This interface insta-
bility causes three primary concerns. First, notable side reac-
tions ensue due to the substantial disparity in Fermi levels
between the anode and SSE materials [19-21]. These reac-
tions adversely affect the efficiency of the anode material,
thereby impeding the overall battery performance. Second,
the intrusion of Li metal into the electrolyte, caused by
mechanical failures of the electrolytes or Li* and e~ flows
reacting inside the electrolytes, creates a formidable issue
[22-25]. This intrusion can result in the degradation of bat-
tery performance and, in severe cases, end in battery failure
[26, 27]. Third, insufficient contact between the anode and
SSEs can generate a large interfacial resistance, magnify
the local current density and exacerbate Li metal intrusion
[28-31].

To mitigate these concerns, considerable efforts have
been dedicated to investigating the anode/SSE interfacial
behaviors and to achieving enhanced performance and
stability [32-35]. Therefore, a better understanding of the
anode/SSE interface has been established in recent years.
The thermodynamic and mechanical stability and the Li*
transport kinetics at the interface are the main factors affect-
ing the Li* stripping/plating regulations [36-38]. Among
the present strategies for enhancing interface performance,
the concept of Li-alloy materials is extensively employed

and well functionalized in various scenarios. In summary,
there are three major applications of Li-alloy materials in
ASSLBs. (1) Li-alloy materials as the anode: by substituting
active Li metal with more inert Li alloy materials, the side
reactions between the anode and SSEs as well as Li metal
intrusions can be theoretically suppressed (Fig. 1a). (2) Li-
alloy interlayer: instead of directly serving as the component
of the anode, Li-alloy materials are commonly constructed
on the anode/electrolyte interface to ensure good contact
and lower the interphase overpotential (Fig. 1b). (3) Li-alloy
materials in the anode: in this situation, the bulk active mate-
rial is still metallic Li, while Li-alloy materials in the bulk
of the anode with high adsorption of Li atoms and fast Li*
diffusion kinetics can lower the nucleation potential of crys-
talline Li, thereby regulating Li* plating (Fig. 1c).

Despite the notable achievements of Li-alloy materials in
ASSLBs, the functionality, practicality and working mecha-
nism of Li-alloys have not been fully elucidated. In addition,
there are few systematic summaries of the physiochemical
concepts of Li alloys. Our aim is to fill this gap in the lit-
erature and combine the fundamental concepts of Li alloys
with their applications to provide useful insights for future
studies. In this review, we first present a detailed discussion
on the fundamental kinetics, thermodynamics and mechan-
ics of Li-alloy materials. Then, by linking the properties and
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Fig. 1 Different applications of Li-alloy materials in ASSLBs. a Li alloy as the anode, b Li alloy as the interlayer, ¢ Li-alloy materials in the

anode
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applications, we analyze the working principles and evaluate
the applicability of the Li alloys. At the end of the review,
the prospects and potentials of Li-alloy materials in ASSLBs
are summarized.

2 Physicochemical Concepts of Li-Alloys
Due to its high chemical reactivity, lithium has the remark-

able ability to form seamless alloys with a wide range of
metals and metalloids, as illustrated in Fig. 2a. In addition,
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the low melting point of approximately 180 °C exhibited by
lithium creates an advantageous environment for the prepa-
ration of Li alloy materials [39]. The history of Li alloys
can be traced back to their initial application in the aero-
space industry, where lithium-aluminum (Li-Al) alloys were
employed because of their notable attributes of high mechan-
ical strength and lightweight properties [40]. Subsequently,
with the rapid growth of the LIB industry, a multitude of Li
alloys have been developed to meet the escalating demand
for advanced energy storage solutions [41, 42]. Within this
section, a comprehensive discussion of the physicochemical
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Fig.2 Phase and phase diagram of Li alloys. a Metals/metalloids
that can form alloys with Li in the periodic table. b (i) Representa-
tive phase diagram of the unalloyed Li-Fe system; (ii) phase diagram

of the Type 1 Li-Cu system; (iii) representative phase diagram of the
Type 2 Li-Mg system; (iv) representative phase diagram of the Type
3 Li-Al system
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properties exhibited by Li alloys, with a particular emphasis
on those associated with the electrochemical performance of
alloys in ASSLBs, is provided.

2.1 Thermodynamics
2.1.1 Phase Diagram of Li Alloys

The alloying process between lithium and metals/metalloids
is facilitated by the mutual diffusion of lithium and metal/
metalloid atoms across their interface. When this chemical
potential-driven diffusion reaches its thermodynamic steady
state, the Li-metal/metalloid system will be in a specific
alloy state on its corresponding phase diagram. By refer-
ring to the phase diagram of Li alloys, it becomes possible
to analyze various aspects, including the solubility of metals
in lithium or lithium in metals and the occurrence of phase-
phase transitions. Figure 2b shows binary phase diagrams
of three typical types of Li alloys based on the solubility of
Li and alloying metals/metalloids [43-48]. Additionally, a
representative phase diagram of the Li-Fe system that cannot
form alloys is displayed in Fig. 2b(i).

Type 1: Li atoms exhibit discernible solubility within
the metal matrix, while the metal cannot dissolve in the Li
matrix.

Type 2: both Li and the metal exhibit mutual solubility,
indicating that they can dissolve in each other to a certain
degree.

Type 3: Li and metals/metalloids can only produce inter-
metallic compounds.

Among the reported Li alloys, only the Li-Cu system
belongs to Type 1 (the red region in Fig. 2a) [49]. Notably,
the dissolution of Li in Cu remains debatable, although the
phase diagram predicts a room-temperature lithium solubil-
ity of ~ 13% (atomic percentage) [Fig. 2b(ii)]. In fact, Cu is
commonly applied as a current collector in LIBs and as a
counter electrode to test the Li stripping/plating Coulombic
efficiency (CE) due to its inert property against Li metal and
high electronic conductivity [50]. However, recent research
has illustrated that an electrochemical solid solution of Li
can occur when nano-copper is employed as the matrix to
overcome unfavorable thermodynamics [51]. In the case of
Type 2, both Ag and Mg (blue regions in Fig. 2a) possess
mutual solubility toward Li because of their comparable
crystalline structure and atomic size [52, 53]. Note that other
metals exhibiting extremely low mutual solubility with Li
are excluded from this type. As the representative Li-Mg
phase diagram indicates [Fig. 2b(iii)], no new phase occurs
during lithiation/delithiation in the solid-solution region,
indicating that the alloying process does not require extra
energy for the phase-phase transition; this facilitates lithia-
tion and delithiation [54]. In addition, the absence of phase
boundaries in the solid solution may promote Li diffusion

@ Springer

kinetics across the interface. Owing to this, Li-Ag and Li-Mg
alloying systems have garnered significant research attention
for their potential utilization in ASSLBs [55-57]. Type 3 is
the case for most Li alloys (green regions in Fig. 2a). Due to
the absence of infinite solid solutions in reported Li alloys,
intermetallic compounds, which are routine forms of Li
alloys, have noteworthy implications in terms of their ther-
modynamics, mechanics, and kinetics. The extensive array
of intermetallic compounds formed between Li and various
metals/metalloids has significant importance in understand-
ing the behavior and performance of these alloys. Exploring
these aspects becomes imperative when assessing the poten-
tial utilization of these alloys in ASSLBs. In particular, the
physiochemical changes that transpire during phase-phase
transitions of intermetallic compounds assume a vital role
in employing Li alloys as anode materials. An exemplary
example is Al [Fig. 2b(iv)], which is renowned as one of
the most promising anode materials for ASSLBs [58, 59].

2.1.2 Redox Potential and Specific Capacity of Li Alloys

Lithium metal has the lowest electrochemical potential
of —3.04 V [vs. standard hydrogen electrode (SHE)] due to
its low ionization energy and small atomic size. When Li
alloys are combined with other metals or metalloids through
a conversion reaction, Li atoms infiltrate the host mate-
rial. This process leads to a change in the redox potential
of the resulting Li alloy, which follows a decreasing trend
as the depth of Li alloying increases [60, 61]. As the Li
alloy approaches its Li-rich state, the conversion reaction
is halted. At this point, any further increase in the Li ratio
within the system results in a redox potential equal to that
of pure lithium. Figure 3a represents the average potential
(vs. Li/Li*) of metals/metalloids, which is a crucial factor
when constructing anodes based on the conversion reaction
between Li and metals/metalloids. From the perspective of
high energy density, a low average potential is desirable.
Among typical metals and metalloids, Li-Mg and Li-Ag
alloys exhibit relatively low average potentials, indicating
their potential application as anode materials [62, 63].

The conversion reaction includes the phase transition of
Li alloys with characteristic redox potentials. Therefore, elu-
cidating the changes in potential during the electrochemical
process may contribute to a better understanding of Li alloy
anodes.

Low-flow Coulometric titration rates are often employed
to determine the redox potential of Li alloys to ensure com-
plete phase transition [64]. In addition, from the standpoint
of thermodynamics, the steady-state potential of Li alloys
can be theoretically predicted. During the lithiation/delithi-
ation process of Li alloys, the following reaction is assumed
to describe the transformation from Li, M to Li, M:
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Fig.3 Potential and capacity of Li alloys. a Average potential of typical Li alloys. b Schematic diagrams of the single-phase region and two-
phase region. ¢ Maximum capacity of typical Li alloys. d Theoretical potential-capacity diagram of Li-In (green) and Li-Sn (blue) alloys

Li, M+ (x, —x)Li < Li, M(x, > x,) (1)
where M is the metal or metalloid and x is the number of Li
atoms in the alloy.

Based on the phase diagram, two situations need to be
considered (Fig. 3b) [62].

(1) Lithiation/delithiation occurs in the one-phase region
(including the solid-solution region). The chemical potential
of Li (y;;) changes with the Li activity (a). The relationship
between the potentials (V) of Li, M and Li, M can be calcu-
lated from the difference in g ; between A and B.

RT(ln @i m ~ In aLiA2M>

F(xz—xl)

Apy
VLiXZM - VLi”M == l =

2
(x2 — X )F

where R, T, and F are the gas constant, thermodynamic tem-
perature, and Faraday constant, respectively.

(2) Lithiation/delithiation occurs in the two-phase region.
Due to the phase equilibrium condition, y; ; is constant for
any phase composition within this region. Hence, a constant
potential is observed in this region. The potential (V) corre-
sponding to the two-phase region has the following relation-
ship with the reaction Gibbs free energy (G).

AG
F(x2 - xl)

GLisz - GLiXI M Gy
= +— )
F (x2 - xl) F

VLiXZ M-Li, M =

First-principles studies have been commonly employed
to determine the theoretical redox potential of Li alloys by
considering the stable structure presented in calculated or
reported phase diagrams [65]. Due to the negligible con-
tributions of pV (where p and V stand for the pressure and
volume, respectively) and thermal energy during the equi-
librium phase transitions of Li alloys, the Gibbs free energy
is typically approximated by the internal energy in most
investigations. Consequently, the potential in two-phase
regions can be straightforwardly obtained by calculating the
internal energy values of LiXIM, Lisz’ and Li and substi-
tuting them into Eq. 3. Importantly, most theoretical stud-
ies focus solely on the potential of two-phase regions in Li
alloys and disregard the potential changes in the one-phase
region. This methodology is generally reasonable and aligns
well with the actual scenario since the phase diagram of
most Li alloys is dominated by two-phase regions. However,
caution needs to be exercised when dealing with Li alloys
that exhibit a wide range of one-phase regions, particularly
Li-Ag and Li-Mg alloys capable of forming solid solutions.
Neglecting the one-phase regions may result in significant
deviations between the predicted and realistic potentials for
Li alloys with specific compositions. A feasible strategy to
determine the potential diagram for those kinds of alloys
is to apply the Li concentration to simulate the Li activ-
ity, which is rather difficult to measure. In addition, for a
more precise prediction of an Li alloy potential, the evo-
lution of the phase structures during the electrochemical
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process should be effectively characterized to provide solid
inputs. For instance, the phase structure of the Li-rich alloys
(Li;;Sn, and Li,,Sns) in the Li-Sn system has been a debata-
ble subject, and this ambiguity can lead to misleading results
in potential calculations [66].

Owing to the reversible conversion reaction between Li
and metals/metalloids, the specific capacity (C) of Li alloy
materials during the transformation from Li, M to Li, M can
be calculated via the following equation:

F(x2 —xl)

C=——
M, (Lixl M) “)

where M, represents the molecular weight.

Based on this, the maximum specific capacity of each
metal and metalloid is summarized in Fig. 3c; this capacity
corresponds to the transition from the metal to its Li-richest
alloy state. Li-Si alloys possess the highest specific capac-
ity compared with that of their counterparts, indicating the
promising potential of using Li-Si alloys as anode materials
[67]. Additionally, since the potential and specific capacity
of Li-alloy materials can both be derived when assuming an
Li, M and Li, M transition, the potential-capacity diagram
during the lithiation/delithiation process can be created.
Figure 3d shows the correlation between the potential and
the specific capacity of the Li-In and Li-Sn alloy systems
according to theoretical calculations [65]. By comparing
the theoretical potential-capacity diagram with the practi-
cal potential-capacity diagram of different alloy systems,
information on the phase transition and reaction polariza-
tion during the electrochemical alloying/dealloying process
can be obtained. The construction of a theoretical potential-
capacity diagram can aid in the identification of promising
alloy-based anode materials with high energy density.

2.1.3 Crystal Structure of Li Alloys

During the lithiation or delithiation process of the metal par-
ent phase, new Li alloy phases gradually form at the inter-
face of the parent phase, leading to the creation of a distinct
metal/alloy interface. The newly formed Li alloy phase often
has a dissimilar lattice volume and crystalline type com-
pared to that of the parent phase, resulting in significant
interfacial effects. The lattice mismatch between the newly
generated subphase and the parent phase categorizes the
phase boundaries into three types: coherent phase bounda-
ries, semicoherent phase boundaries, and incoherent phase
boundaries. When the lattice mismatch is minimal, coherent
phase boundaries tend to form; this refers to atoms at the
interface being simultaneously located at the junction of the
two-phase lattice. The atoms on the coherent phase bound-
ary cooperate seamlessly, causing minimal distortion and
leading to the lowest energy state for this phase boundary.

@ Springer

However, if the interplanar spacing of two adjacent crystals
at the phase interface differs greatly, achieving complete
correspondence becomes impossible. As a result, disloca-
tions occur at the interface to reduce the elastic strain energy.
If the atomic arrangement of the two phases at the interface
remains partially matched, these interfaces are referred to
as semicoherent phase boundaries. Furthermore, when the
atomic arrangement of the two phases at the phase interface
is highly dissimilar, only an incoherent phase boundary can
be formed [68] (Fig. 4a).

Due to the varying phase interface energy associated with
different phase interfaces, these disparities can significantly
influence the mass transfer and mechanical characteristics
of the interfaces. Concurrently, distinct types of phase inter-
faces may manifest distinctive interface behaviors arising
from their inherent interface properties. Consequently, in
this review, we advocate that the crystal structure of alloy
phases and their consequential structural changes during
alloying needs to be more thoroughly researched because
this is a pivotal aspect frequently disregarded in Li alloy
applications.

An examination of the crystal structures of representative
Li-Sn alloys with different lithium contents, as shown in
Fig. 4b, reveals that phase transitions in Li alloys within the
two-phase region are frequently accompanied by the emer-
gence of new phases exhibiting markedly different crystal
structures [66]. Consequently, alloys undergoing these phase
transformations commonly exhibit semicoherent and inco-
herent phase boundaries. Remarkably, the majority of the
binary Li alloy systems feature an Li-richest phase that has a
face-centered cubic structure similar to metallic Li (Fig. 4c).
However, exceptions do exist, such as LigAl,, which pos-
sesses a monoclinic crystal structure deviating from the typi-
cal face-centered cubic arrangement observed in other Li-
richest phases (Fig. 4d) [69]. This highly asymmetric crystal
structure can produce substantial phase boundary energy.
Therefore, understanding and addressing the implications of
these crystallographic disparities in Li alloy systems warrant
close examination in the pursuit of comprehensive material
design and development.

2.2 Kinetics

Li-ion diffusion within alloys assumes a paramount role
in delineating the electrochemical performance. As illus-
trated in Fig. 5a, the alloys exhibit two discernible modes of
lithium diffusion: interstitial and vacancy diffusion. These
modes are further elucidated by two underlying mechanisms:
direct hopping and coordination. Computational investiga-
tions rooted in first-principles simulations have enabled
the quantification of lithium migration barriers within
conventional Li-In and Li-Sn alloy systems [70]. The out-
comes reveal a discernible shift in the prevailing diffusion
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Fig.4 Phase boundary structure and crystal structure of Li-alloys.
a Schematic illustration of coherent, semicoherent and incoherent
phase interfaces. b Crystal structure of Li-Sn alloys with different

mechanism, transitioning from interstitial direct hopping to
vacancy diffusion, coupled with interstitial coordination, as
the lithium content increases in both Li-Sn and Li-In alloys.
Notably, the diffusion barriers observed in Li-In alloys gen-
erally exhibit a lower magnitude than their Li-Sn counter-
parts (Fig. 5b, c), as corroborated by an independent study
[65]. Moreover, the electrochemical performance of Li-alloy
anode-based cells, specifically those with the Li-In configu-
ration, consistently surpasses that of their Li-Sn anode-based
counterparts. This difference in performance can be attrib-
uted to the greater binding strength inherent in the Li—Sn
bond than in the Li—In bond. However, these discussions
are confined to the intrinsic diffusion behavior transpiring
within the bulk alloy matrix in the absence of external driv-
ing forces such as chemical potential gradients.

A critical metric for evaluating lithium-ion diffusion
behavior is the diffusion coefficient, which can be ascer-
tained through various experimental methodologies. Dur-
ing the course of electrochemical cycling, alloy anodes
typically undergo multiple phase transitions in conjunction
with alterations in the lithium transport kinetics and the
morphological configuration of the alloy. A recent report
extensively probed the alloying dynamics of Li-In alloys
through a series of electrochemical tests, as depicted in
Fig. 5d [71]. As shown in Fig. Se, the diffusion coefficient,

ratios of Li atoms. ¢ Crystal structure of the Li-rich phase in typical
Li alloys. d Monoclinic structure of LigAl,

obtained from galvanostatic intermittent titration tech-
nique (GITT) profiles, exhibits an initial stable value
exceeding 1071 cm? s™! (0 <x < 1 in Li,In), signifying a
steady alloying process predominantly impelled by chemi-
cal potential gradients. With the progression of lithiation,
chemical diffusion assumes a subordinate role, with the
rate-limiting step transitioning to charge transfer at the
electrode-electrolyte interface. Upon attaining the critical
lithium content (x> 1.25 in Li In), the diffusion coeffi-
cient inferred from GITT profiles decreases to less than
10712 cm? s7!, even lower than the diffusion coefficient
of elemental lithium (10~!" cm? s™!). This decrease signi-
fies a transformation in kinetics from an alloying-centered
process to one predominantly involving lithium deposition.
A similar evolutionary pattern in the diffusion coefficient
has been documented in the context of the Li-Al alloy
system [72, 73]. However, the specific value of the dif-
fusion coefficient is substantially influenced by the mor-
phological attributes of the samples. In the case of Li-Mg
alloys prepared utilizing the kinetically controlled vapor
formation and deposition (KCVD) technique, the resultant
porous structures with columnar pores effectively provide
enhanced electrolyte infiltration [42]. Consequently, the
diffusion coefficients associated with KCVD-produced
Li-Mg alloys exhibit a magnitude range spanning from
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Fig.5 Diffusion kinetics in Li alloys. a Schematic illustration of the
diffusion modes and the two mechanisms in each mode. The lowest
energy barriers of the Li transport in b Li-In alloy and ¢ Li-Sn alloy.
Reprinted with permission from Ref. [70]. Copyright © 2022, Amer-
ican Chemical Society. d Schematic illustration of the interfacial Li

1.2x1077 t0 5.2x 1077 cm? s™!, representing an order of
magnitude disparity when compared with values reported
in the extant literature [74, 75].

Based on the discussion above, lithium dendrites also
exist in alloy anodes when the rate of Li deposition exceeds
its diffusion into the alloys. Evident Li accumulation at the
anode/electrolyte interface occurs if the critical Li content is
reached during lithiation because alloys with high Li content
always exhibit an extremely low Li diffusion coefficient, as
shown in Fig. 6a, b [71]. Another scenario leading to Li
dendrite formation is cycling at high rates, where Li ions
fail to diffuse into the alloy in time to support the subsequent
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transport process. e Evolutions of the diffusion coefficient and charge
transfer impedance as a function of the Li content in Li In and the
GITT profile. Reprinted with permission from Ref. [71]. Copyright ©
2021, AAAS

alloying process at high current densities. Instead, these ions
combine with incoming electrons, leading to the deposition
of metallic Li at the interface [76]. This phenomenon was
verified by a recent investigation on the critical current
density (CCD) of several alloy anodes in LigPSsCl-based
symmetric cells [41]. Based on the fluctuating voltage pro-
files of the LiZn, symmetric cell in Fig. 6¢, the Li-Zn alloy
(LiZn,) anode suffers from a short circuit at a current density
of 2 mA cm™2. Soft short circuits also occur at current densi-
ties of 10 and 12 mA cm™2 for symmetric cells with Li,Si
and Li,Sn, electrodes, respectively. For the Li-ZnlLPSCILi-
Zn cell displayed in Fig. 6c¢, direct Li deposition at the
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Fig.6 Li accumulation at the interface and the voltage profiles of
different anodes. Cross-sectional elemental mapping images of a Li
and b In at the failure stage (x=1.5 in Li In) characterized by time-
of-flight secondary ion mass spectroscopy (ToF-SIMS). Scale bar:
10 pm. Reprinted with permission from Ref. [71]. Copyright ©
2021, AAAS. ¢ Voltage and current profiles of the Li-ZnILPSCILi-

anode/electrolyte interface is likely the specific cause of the
short circuit at a high current density. A recent report indi-
cated that the change in crystal structure during lithiation of
Li-Zn alloys was accompanied by a significant energy bar-
rier for further alloying [77]. Additionally, the Li diffusion
kinetics within the Li-Zn alloy are limited, which impedes
the timely transport of Li from the surface to the bulk, par-
ticularly under high current density conditions. Considering
these factors, direct Li deposition rather than Li alloying
is kinetically favored, thereby leading to localized Li accu-
mulation at the electrode/solid electrolyte interface. Driven
by an electric field, these Li deposits tend to propagate into
SSEs along the grain boundaries, pores and other defects,
causing short circuits in the cell. The growth of alloy den-
drites can also be activated when the cell is subjected to a
high current density and high cycling capacity, as discussed
in Sect. 3.1.1.2. Symmetric cells fail due to dendrite forma-
tion; moreover, full cells may also encounter short circuits
induced by dendrites. These instances can be recognized by
a lower rate of voltage increase or voltage fluctuation while
charging the cell [78].

In addition, symmetric cells with alloy anodes typically
exhibit zigzag voltage profiles during each plating/stripping
process, in contrast to the flat voltage profile of a square
wave observed with bare Li, as shown in Fig. 6d. These
changes are closely related to the Li transport kinetics in the
electrode. Additionally, the phase transitions accompanied
by changes in the electrode potential can also account for the
sloped voltage profile of alloy anodes [65, 80-82].

B T R
-0, LiLis,;PS,,Cly5|Li
840 845 850 855 860
400 600 800 1000
Time/h

Zn cell at step-increased current densities. Reprinted with permission
from Ref. [41]. Copyright © 2022, The Royal Society of Chemistry.
d Typical voltage profile of a symmetric LilLPSCILi cell. Reprinted
with permission from Ref. [79]. Copyright © 2022, Nature Publish-
ing Group

2.3 Mechanics

The mechanical aspects, encompassing the mechanical prop-
erties of SSEs, SSE/electrode interfaces, and electrodes,
have recently received considerable attention due to their
great influence on the performance of energy storage cells
[81, 83—85]. However, despite their crucial significance,
the understanding of the mechanical issues associated
with ASSLBs is insufficient, primarily due to the lack of
advanced characterization techniques and well-defined theo-
retical models in this domain. Specifically, investigations
pertaining to the mechanical behavior of Li alloy materials
within ASSLBs are notably scarce. To address this gap, the
objective of this section is to elucidate the inherent mechani-
cal properties of Li alloy materials based on existing litera-
ture. Additionally, a comprehensive analysis of the mechani-
cal aspects concerning the application of alloy materials in
ASSLBs is presented.

The insertion and extraction of lithium atoms in Li alloys
induce significant changes in their molar volume. Prior
research on LIBs shows that these volumetric variations
can lead to electrode cracking, delamination, and pulveriza-
tion, resulting in compromised structural integrity [86-90].
Currently, the prevailing theory supports the notion that the
stress change inside alloy materials is the primary cause of
their mechanical degradation. Here, we use the lithiation
process of silicon (Si) particles as an illustrative example.
Upon lithiation, Si particles exhibit a typical core-shell
structure, wherein the outer shell transforms into amorphous
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Li Si (with x approximately equal to 3.75), while the core
layer remains as an unlithiated Si crystal. At the interface
between the lithiated shell and the unlithiated core, the lith-
ium concentration undergoes an abrupt change from 0 to
nearly 3.75. Due to the lack of a transitional region for grad-
ual volume alteration, volume expansion primarily occurs at
this interface. In the initial lithiation stage, the hoop stress
at the interface is mainly compressive, and no cracks appear
at this point. However, as lithiation progresses, the initially
lithiated outer layer is pushed outward due to the subse-
quent lithiation of the underlying material. This phenom-
enon converts the compressive stress in the original outer
layer into tensile stress, which acts as the driving force for
the formation of surface cracks [86, 91, 92]. During the sub-
sequent delithiation process, the stress accumulated during
the previous lithiation process can be released to a certain
extent through the volume shrinkage of the alloy materials.
However, this process often introduces new tensile stresses
that exacerbate crack propagation. Over time, pulverization
of the alloy materials can occur [85, 93]. Additionally, the
volume shrinkage of alloy materials during delithiation can
result in delamination at the interface, representing another
form of mechanical failure in alloy anodes.

(a)

Li*

Charge ‘
Lithiation *

thhlatlon

Discharge
>

Fragile

Tough

Fig.7 Mechanical degradation of Li alloys. a Schematic illustration
of the degradation mechanism of Li alloys in typical LIBs. Reprinted
with permission from Ref. [94]. Copyright © 2012, Nature Publish-
ing Group. b Comparison of Si and Ge during lithiation. Reprinted
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The violent volume change also facilitates additional side
reactions between the electrode and the electrolyte, leading
to a reduced CE and electrode utilization within the battery.
In the LIBs using liquid electrolytes, during lithiation, the Li
alloy structures expand toward the electrolyte, followed by
contraction during delithiation. This cyclic process causes
the solid-electrolyte interphase (SEI) formed during lithia-
tion to fracture as the nanostructure shrinks during delithi-
ation, which exposes fresh silicon surfaces to the electro-
lyte. Subsequently, a new SEI forms, leading to its gradual
thickening with each charge/discharge cycle (Fig. 7a) [94].
This situation can also occur at the electrolyte/electrode
interface in the ASSLBs. The SEI generated by the reaction
of the lithiated alloy and the SSE breaks during the lithi-
ation process of the alloy such that the active ingredients
in the alloy anode are continuously consumed during the
cycle. In addition, the anisotropy of alloy expansion also
leads to uneven stress inside the alloy particles, resulting
in internal cracking. An instructive example is Si, which
undergoes a pronounced anisotropic expansion of approxi-
mately 280% during the lithium intercalation process. This
volumetric expansion induces numerous internal fractures,
significantly diminishing the CE of the battery. Intriguingly,
germanium (Ge), which belongs to the same main group as

Li*
Charge
—_—
AIO o
000 - AO @ g o
i _
[+] 0 \at/o o6 &0 Fd3m 5
Fm3m o 5) Expansion + 95% <ﬁ
., 00&00 =
f Gv <
1 §1ra/,) = — 1,0 .
Hlgry == Cee 5 Gw _—
4, =
In leys.
Interdiffysjop, 7 G High Hu
gurface I ‘
Low K g nterdiffusion
8 ~0.25 eV o
> L
£ SO”’/I £
Caty + C AN, =0 % ”a/;w A T &
Gibbs-Duhem relation @D - ¥ o
Li
X T 1 :
Al ¢ G5 iy Li

with permission from Ref. [95]. Copyright © 2013, American Chem-
ical Society. ¢ Gibbs free energy diagram of Li-Al alloys. Reprinted
with permission from Ref. [89]. Copyright © 2020, Nature Publish-
ing Group
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Si, exhibits remarkable robustness against volume expan-
sion (Fig. 7b) [95]. This resilience can be attributed to the
absence of anisotropic lithiation, which effectively mitigates
the occurrence of excessive local stress within the material.
Moreover, recent research has indicated that the hardness of
a metal matrix can induce varying strain effects during Li
compound formation [89]. When plastic deformation occurs
in the Al matrix, a significant number of dislocations are
introduced, leading to an increase in the Gibbs free energy
of the deformed Al matrix. This alters the two-phase equilib-
rium state, causing a shift in g ; (Fig. 7c). This phenomenon
appears to be a primary factor contributing to the inhomoge-
neous lithiation observed in the softer Al electrode. The soft
Al matrix cannot withstand the internal stress generated by
the electrochemically growing AlLi phase, leading to vol-
ume expansion and plastic deformation of the matrix. As a
result, Li tends to preferentially insert into these unstable
regions to gain a chemical potential advantage. Conversely,
an appropriately hard matrix can prevent plastic deforma-
tion, impeding the growth of AlLi due to the elastic stress
in the Al matrix. In these cases, no preferential region for Li
insertion exists within the appropriately hard matrix, pro-
moting homogeneous lithiation throughout the remaining
Al matrix on the surface and resulting in a uniform in-plane
reaction.

Specifically, in the context of ASSLBs, wherein con-
duction heavily depends on rigid solid-solid contacts, the
fracture and pulverization of intact alloy particles during
cycling, coupled with the formation of voids owing to the
shrinkage of delithiated alloys, will drastically increase the
tortuosity of the charge carrier transport pathways, thereby
increasing the overall battery resistance. In addition, due to
their specific pressure conditions during operation, ASS-
LBs are significantly influenced by volume variations,
which directly impact the pressure within the battery sys-
tem and subsequently affect its electrochemical performance
[96-99]. In the case of an ASSLB constrained by a constant
volume, the total volumetric strain of the active materials
in both electrodes during lithium insertion and extraction
leads to pressure changes within the cell. The resulting stress
from the net volumetric strain is determined by the elastic
and plastic deformation of various materials within the cell.
Han et al. [100] summarized this relationship in Eq. 5, where
Ap represents the pressure change within the elastic limit,
€, denotes the volumetric strain, and K signifies the bulk
modulus of the cell composite.

Ap =¢€,,K 5)

In their later investigation, the pressure dynamics of ASS-
LBs were studied by using Si, Ge, and Sn as active materi-
als for the composite anode, NCM111 for the composite
cathode, and argyrodite as the ion transport medium during

operation (Fig. 8a). The research findings identified the
considerable volume fluctuations in the Li alloy electrode
as the primary source of pressure variation within the bat-
tery; these fluctuations were attributed to the larger partial
molar volume of Li (~9 cm® mol™!) than that of NCM111
(~1-2 cm® mol~!) (Fig. 8b). Additionally, the study empha-
sized the pivotal role of the particle size in determining the
extent of pressure evolution. Notably, when employing alloy
materials with smaller particles, the pressure variation dur-
ing battery cycling was comparatively mitigated.

Moreover, in addition to its impact on carrier transport
between the alloy and the SSE, as well as changes in the
internal pressure of ASSLBs, the mechanical properties of
the alloy play a significant role in the failure mechanism of
the battery. The difference in ductility between alloys and
lithium necessitates an exploration of the pressure required
to maintain close contact between the alloy and electrolyte
interface [101]. Furthermore, similar to the issue of contact
loss observed with the use of lithium metal, contact loss
can potentially occur at the interface between Li alloys and
SSEs. This loss can lead to an excessive local current density
during subsequent deposition, resulting in uneven lithium
growth. Therefore, the deformation rate of various Li alloys
during cycling needs to be investigated [39]. Additionally,
based on the prevailing fracture mechanism, different hard-
ness levels of alloy materials should theoretically cause
varying degrees of electrolyte fracture when they interact
with defects on the electrolyte surface [23]. However, com-
prehensive failure mechanisms for ASSLBs incorporating
Li alloys are currently lacking. For that reason, the connec-
tion between the mechanical properties of the alloy and the
failure mechanism of the ASSLB needs to be established
through a combination of advanced characterization tech-
niques and theoretical analysis.

3 Application of Li-Alloys in ASSLBs

As an example of prospective electrode materials for ASS-
LBs, Li-metal anodes have attracted significant amounts of
attention in research and development. Although notable
progress has been achieved in their advancement, the effec-
tive control of the lithium plating and stripping processes
has proven considerably more challenging than initially
envisioned [102—-104]. Notably, issues such as side reac-
tions between lithium and most SSEs, the growth of lithium
filaments leading to short circuits, and the loss of interfacial
contact present formidable obstacles to overcome [105-107].
In this context, Li alloys provide an enticing alternative
approach to establishing a stable electrolyte-electrode inter-
face, facilitating extended cycling capabilities in ASSLBs.
Research on Li alloys in ASSLBs dates back to the 1980s.
As shown in Fig. 9, recent years have witnessed a growing
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Fig. 8 Stress-volume evolution of ASSLBs using Li alloys as the anode. a Schematic illustration of the testing cell. b Evolution of the cell volt-
age and stress during the discharging/charging tests. Reprinted with permission from Ref. [100]. Copyright © 2021, Elsevier

number of breakthroughs in this field. Broadly, the applica-
tions of Li alloys in ASSLBs can be categorized into three
groups: (1) serving as the anode, (2) functioning as the
interlayer, and (3) serving as functional components within
the anode. Typically, an alloy layer or bulk material dem-
onstrates a higher lithium diffusivity than pure metallic Li,
favoring efficient lithium transport toward the interface and
enabling uniform lithium plating. Furthermore, the incor-
poration of lithium into other metals can effectively reduce
the lithium chemical potential, thus suppressing the elec-
trochemical decomposition of SSEs. Additionally, the alloy
host provides stable sites for lithium insertion/removal while
maintaining physical/electrical contact. Moreover, since lith-
ium atoms within the matrix are not directly deposited onto
the substrate, the issue of lithium dendrite formation can the-
oretically be circumvented [41, 117-119]. Subsequently, we
will conduct a comprehensive review of the research results
based on this classification. The reports mentioned in Fig. 9
are also discussed in detail in the subsequent sections.

3.1 LiAlloy Anodes

In this section, we explore the comprehensive elucidation
of the mechanisms underlying the enhanced performance
of Li alloy anodes. Furthermore, we discuss pertinent issues
related to Li-metal alloy anodes. Finally, a dialectical per-
spective on Li-metal alloy anodes is provided, with a bal-
anced assessment of their potential and limitations in the
context of solid-state battery technology.

@ Springer

3.1.1 Benefits of Li Alloy Anodes

3.1.1.1 Enhanced Interfacial Stability The majority of
SSEs exhibit instability as they come in direct contact with
metallic lithium. The first-principles calculation results
of the reduction potential of SSEs to metal lithium indi-
cate that despite achieving ionic conductivity levels that
approach or even surpass those of liquid electrolytes [e.g.,
Li,(GeP,S,, (LGPS)] [120-122], severe side reactions still
occur between the SSE and metallic Li [123—-125]. These
side reactions cause the formation of a mixed conductor
interface (MCI) or SEI [126-129], wherein the MCI, char-
acterized by both electronic and ionic conductivity, triggers
further side reactions, ultimately leading to battery failure.
In addressing this challenge, the utilization of alloy-based
anodes provides a potential solution. Specifically, employ-
ing an alloy anode effectively lowers the chemical poten-
tial of lithium in the anode while elevating the electrode’s
potential versus lithium. As a thermodynamic consequence,
this approach reduces the occurrence of the side reactions
between the anode and the SSE (Fig. 10a). By modulat-
ing the electrode potential of the anode through alloying,
the likelihood of detrimental side reactions at the interface
between the anode and SSE can be minimized, thus enhanc-
ing the stability and longevity of the battery system. For
instance, Li-In alloy anodes have been successfully applied
in ASSLBs. Within the two-phase region of In and Li-In,
the Li-In anode exhibits a potential of ~0.62 V versus Li/
Li* [109, 130, 131]. Due to its relatively high potential, this
anode material is conducive to pairing with halides or LGPS
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Hiratani et al., Li-Bi alloy layer between Li
metal and solid electrolyte [108]

Han et al., Ultra-thin Al,O; layer between Li and
garnet electrolyte [111]

Yang et al., Li-Mg alloy framework in the anode
for garnet-based ASSLBs [112]

Park et al., Na-K liquid interlayer between Li
metal and Lig 7sLasZr, 75Tag 2504, electrolyte [113]

Wan et al., LiMgS,-Li;Bi-LiMg structure as the
SEl in LigPS;Cl-based ASSLBs [115]

Takada et al., In-Liy, anode for ASSLBs with
Li;PO,4-Li,S-SiS, electrolyte [109]

Notten et al., 50 nm thick Si film anode in
LiPON-based batteries [110]

Lee et al., Ag-C composite anode for LigPS;Cl-
based ASSLBs [57]

Tan et al., Carbon-free high loading pSi anode
for LisPS;Cl-based ASSLBs [114]

Pan et al., LiggAl alloy anode for Li;(GeP,S ;-
based ASSLBs [59]

Yan et al.,, Hard-carbon stabilized Li-Si anode
for LigPSsCl-based ASSLBs [116]

Fig.9 Timeline diagram illustrating the representative works in the field of Li alloys in ASSLBs [57, 59, 108-116]

electrolytes, wherein their compatibility can lead to the for-
mation of continuous MCI upon interaction with metallic
lithium [120, 121, 132—-134]. However, prudent consid-
eration is necessary when examining the side reactions
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Higher potential
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occurring between the Li-In anode and the SSE. Contrary to
the assumption of an absence of side reactions between Li-In
alloys and SSEs, thermodynamically, the electrode poten-
tial of Li-In alloy anodes remains lower than the reduction

In/LPSC before MD !

o3 e R R,
b;éqglog& % %Q’%%%
wm%%wn% ?
M%qyﬁabo R %

< %Q*»gmﬁ% % 'y %

In/LPSC after MD

Higher potential level

Li

Fig. 10 Enhanced interfacial stability of Li alloys. a Thermodynamic
explanation of the enhanced interfacial stability. b AIMD simulation
of the Li/LigPSsCl interface. Reprinted with permission from Ref.

[135]. Copyright © 2022, Wiley-VCH. ¢ AIMD simulation on the In/
LigPS;Cl interface. Reprinted with permission from Ref. [78]. Copy-
right © 2021, Nature Publishing Group
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potential of the majority of SSEs, particularly sulfides. As
a consequence, side reactions between Li-In and the SSE
still occur, warranting careful attention to this aspect in the
context of battery performance and stability assessments.
From a theoretical standpoint, a comparison of the inter-
facial behaviors of metallic Li and Li-In with those of the
typical argyrodite-type sulfide solid electrolyte LigPS5Cl
reveals intriguing insights. In the interfacial ab initio molec-
ular dynamics (AIMD) simulation of lithium and LigPSsCl,
a substantial reduction in P in the sulfide solid electrolyte
occurs, leading to the concomitant generation of Li,S and
LiCl (Fig. 10b) [135]. In contrast, when In is used as the
anode material, the AIMD results indicate the presence of
a partially similar Li-In-S structure, with no pronounced
reduction in P observed (Fig. 10c) [78]. These theoretical
findings indicate that while reactions still occur between In
and the SSE, they manifest in a less aggressive manner than
metallic Li. This highlights the feasibility of using In as an
alternative anode material to mitigate the interfacial side
reactions. However, further investigations are warranted to
comprehensively explore the compositional evolution of the
interface between In and the electrolyte, refining the under-
standing of the interfacial dynamics and the potential for
employing In as an effective means to suppress the detri-
mental side reactions.

3.1.1.2 Mitigation of Dendrite Growth The occurrence of
lithium dendrites is also observed in ASSLBs, although
the precise mechanisms responsible for their formation
and the ensuing battery failure remain debatable. Insights
acquired from liquid lithium metal batteries indicate that
lithium metal deposition does not occur in a planar man-
ner but rather causes dendritic growth in an unconfined
environment [136-140]. This conversion-dominated
electrode chemistry inherently leads to uncontrollable
microscale intrinsic changes in electrochemically active
materials during electrochemical cycling. In contrast, the
introduction of alloys as anode materials shifts the elec-
trode chemistry toward alloy reactions, wherein the domi-
nant mechanism centers around reversible alloying and
dealloying of the alloy anode without direct Li deposition/
dissolution on the surface. This theoretical form of alloy-
based electrochemistry has the potential to inhibit the
growth of lithium dendrites and the occurrence of contact
loss, thereby addressing a critical concern in the context
of performance and safety.

However, as outlined in the mechanical considera-
tions, the volumetric effect poses a significant challenge
to the stability of alloy anodes, limiting the selection of
materials that can maintain their intrinsic structure over
the entire state of charge (SOC) range (0% — 100%). Cur-
rently, only graphite anode materials demonstrate the abil-
ity to preserve structural integrity while avoiding dendritic
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crystalline growth within a specified current range [141,
142]. In the case of Li-In alloys, which are commonly
employed in ASSLBs, the phase transition range during
battery operation is carefully managed and tightly con-
fined to the two-phase region of In-Liln, with the explicit
purpose of circumventing mechanical failures resulting
from excessive phase transitions [130]. A similar tech-
nique was also used for the application of Li-Al systems in
ASSLBs [59]. Nevertheless, the issue of dendrite growth
persists when alloy anodes are subjected to high current
and loading conditions. Recent investigations focusing on
Li-In anodes have revealed that when limiting the phase
transition of Li-In alloy anodes to the two-phase region
of Li-Liln, the ASSLB assembled with the Li-In anode
and a high cathode loading demonstrated favorable per-
formance at 3.8 mA cm~2 [78]. However, this ASSLB
using Li-In anode still experienced short circuiting after
nearly 900 cycles. Upon using a high-resolution scanning
electron microscope (SEM) to examine the failed anode/
electrolyte interface, evident intrusion of In into the elec-
trolyte was observed, indicating the growth of Li-In den-
drites. In contrast, under the same conditions, the use of
lithium metal as the anode led to pronounced electrolyte
fractures and substantial contact loss between the lithium
and electrolyte interface, thereby limiting the full cycle
life of the battery to only 17 cycles (Fig. 11a). Based
on these results, the incorporation of lithium alloys can
decelerate the progression of dendrite invasion into SSEs
and partially maintain contact between the anode and the
electrolyte interface; however, lithium alloy incorporation
does not provide a complete solution to dendrite issues
(Fig. 11b). Hence, when practical scenarios involving high
current densities and large capacities for ASSLBs employ-
ing alloys as anodes are contemplated, the anode-electro-
lyte interface, especially in terms of failure mechanisms,
needs to be carefully considered for subsequent research
endeavors.

3.1.2 Applications of Li Alloy Anodes

Notably, the replacement of metallic Li with Li alloys as the
anode inevitably leads to a reduction in anode energy density
due to considerations encompassing both specific capacity
and average potential. However, this decrease in energy den-
sity is outweighed by the significant increase in the inter-
facial stability observed between Li alloys and SSEs, sur-
passing that of the lithium/SSE interface. Consequently, this
trade-off in energy density is considered to be acceptable in
light of the promising prospects for improved interface char-
acteristics. Furthermore, a comprehensive assessment of the
average potential from the metal phase to the Li-rich phase,
alongside the theoretical maximum specific capacity of Li
alloy anodes, is presented in Sect. 2.1.2. Notably, despite the
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Fig. 11 Comparison of Li and Li-In dendrite growth. a SEM images
of the anode/electrolyte interface before and after cycling. b Sche-
matic diagram of the anode/electrolyte interface before and after

aforementioned decrease in energy density, Li alloys still
demonstrate a substantial enhancement when compared to
traditional graphite anodes employed in conventional Li-ion
batteries. A detailed exploration and analysis of this topic
are available in a recent scholarly discussion addressing the
promise of Li alloys in ASSLBs [143].

When contemplating the design of high-energy-density
ASSLBs, strict control over the capacity ratio (N/P ratio)
between the anode and cathode becomes essential. Addi-
tionally, meeting the strategic demand for energy densities
exceeding 500 Wh kg~! necessitates an anode capacity far
surpassing that of the conventional graphite anode, with a
theoretical specific capacity of 372 mAh g~! [144, 145].
These requirements indicate that relying on the two-phase
domain phase transition as the overall reaction of the elec-
trode process for alloy anodes is impractical. As previously
discussed in the mechanics section, when Li alloys gradu-
ally intercalate Li from their initial metal phase to the most
Li-rich phase, this process induces a substantial volume
expansion, rendering the electrode susceptible to conducting
network collapse and eventual battery failure. Furthermore,
the phase transition of an alloy typically involves the genera-
tion of various intermediate phases with different crystal-
line structures, resulting in significant differences in lattice
parameters and, consequently, substantial grain boundary
energy. These disparities can lead to internal structural dam-
age within the alloy particles. In the context of commonly
employed Li-In anodes in ASSLBs, numerous published
reports reveal that the actual specific capacity of Li-In alloy
anodes often falls below 200 mAh g~! during cycling, while
the areal capacity of the utilized Li-In alloy significantly

Before cycling After cycling
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cycling. Reprinted with permission from Ref. [78].
2021, Nature Publishing Group
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exceeds that of the cathode [78, 146—149]. Under these
conditions, the phase transformation of the Li-In alloy to
the two-phase region of In-Liln is confined; this confine-
ment effectively suppresses the volume expansion and
mechanical failure while maintaining a relatively constant
potential of 0.62 V against metallic Li, thereby inhibiting
the occurrence of side reactions. However, this interfacial
stability is achieved at the expense of energy density. What’s
worse, under high current and large capacity cycling con-
ditions, Li-In dendrites still exhibit growth in the battery,
ultimately leading to battery failure after a certain number
of cycles.

Hence, the development of a viable alloy anode material
mandates strategic modification of the mechanical-chemical
failure behavior within the phase transition range aligned
with high specific capacity and low average voltage condi-
tions. These alterations in the alloys’ property are impera-
tive for concurrently enabling elevated energy density while
effectively fulfilling the essential roles of restraining den-
drite growth, mitigating contact degradation, and suppress-
ing detrimental interface side reactions. Depending on the
type of alloying element, alloy anodes can be further catego-
rized as Li-metal alloy anodes or Li-metalloid alloy anodes.

3.1.2.1 Li-Metal Alloy Anodes In a recent development,
Samsung reported the attainment of an Ag-nano particle/C
composite anode with remarkable capacity and stability
enhancements (Fig. 12a, b) [57]. Employing comprehensive
transmission electron microscopy (TEM) analyses, a note-
worthy observation emerged wherein the Ag nanoparticles
(NPs) underwent fragmentation into smaller entities sub-
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sequent to the initial charging cycle (depicted in Fig. 12c).
These results indicated the formation of LigAg, alloys within
the charging process. Intriguingly, a distinct phenomenon
occurred, wherein a substantial proportion of both Ag and
Li ions migrated toward the current collector side upon the
completion of charging (Fig. 12d). This dynamic reposition-
ing culminated in the persistence of fragmented particles
solely within the confines of the Ag-C nanocomposite layer,
thereby suppressing the dendrite growth. Furthermore, the
increased mechanical robustness exhibited by the composite
Li alloy anode was examined and was attributed to the active
participation of the carbon component in the underlying
electrochemical processes. The investigators postulated that
the C particles served a dual role: first, they enabled efficient
Li-ion conduction within the composite structure; second,
their notable modulus of ~200GPa provided the capacity
for mechanical reinforcement to the Ag-C nanocomposite
layer. This multifaceted involvement of carbon was instru-
mental in enhancing the overall mechanical integrity of the
composite anode. In addition, as Ag is soluble in Li, no sig-
nificant changes in the crystalline structure occurred during
lithiation, thus facilitating lithiation. The collective insights
gained from Ag-C composite alloy anodes provide valu-
able contributions to the understanding and advancement
of high-performance Li alloy anode materials for practical
energy storage applications.

Li-Al alloys are also an applicable choice for anodes of
ASSLBs. Given the lighter nature of aluminum (Al) atoms
compared to indium (In) atoms, Al has a higher theoretical
specific capacity of 990 mAh g~!. In addition, the average
lithiation/delithiation potential of Alis 0.3 V versus Li/Li*,
a value significantly lower than that of In. Due to its high

(B) 1o

specific capacity and low average potential, the Al-based
anode has been recognized as one of the most promising
alloy-anode materials for high-energy-density ASSLBs. As
reported by Kanno et al. [150], the application of an Li-Al
alloy anode was able to mitigate the reduction of the thio-
LISICON electrolyte (Lij ,5Geg,5Py7554), as shown by the
low and stable resistance of the battery during cycling. Pan
et al. [59] also achieved an ultralong lifespan of LGPS-based
symmetric cells for more than 2 500 h at 0.5 mA cm™2 by
using Lij gAl electrodes to enhance the interfacial stabil-
ity. Moreover, the Lij gAlILGPSIS full cell with a low N/P
ratio of 1.125 was assembled in their work and demonstrated
an impressive cell-level specific energy of 541 Wh kg~!,
which affirmed the promising prospects of Li-Al anodes.
The performance of Al-based alloys was further improved
in recent research by Liu et al., in which the microstructure
of Al foil was engineered by adding 5% (atomic content)
In [151]. The In laminae uniformly distributed in the Al
matrix were lithiated prior to the Al, generating the Li-In
alloy phase with high lithium diffusivity. This Li-In alloy
phase remained unchanged after discharging, which played
a crucial role in improving the reversibility of the phase tran-
sition between Al and LiAl and promoting the facile (de)
lithiation of Al. Consequently, the ASSLB with the non-pre-
lithiated Aly, sIns 5 foil (30 pm in thickness) as the anode
demonstrated stable cycling for 200 cycles at a high current
density of 6.5 mA cm™2.

New anode compositions involving two or more alloys
may also improve the performance of alloy anodes. There-
fore, an efficient screening method needed to be established.
Zhong et al. [152] successfully achieved high-throughput
fabrication of Sn-Co-Sb alloys with various composition in
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a large sample via the well-designed gradient electrodeposi-
tion method. This novel method provides a feasible way for
rapid screening of alloy materials with multiple components
and also provides some inspiration for future research.

3.1.2.2 Li-Metalloid Alloy Anodes Metalloids usually refer
to elements with intermediate properties between those of
metals and nonmetals, which include boron, silicon, germa-
nium, arsenic, antimony, and tellurium. Among these mate-
rials, boron, silicon, germanium, and antimony have been
reported as anodes in LIBs. A summary of their basic prop-
erties is provided in Table 1.

The widely reported Li-B alloys have the unique struc-
ture of free lithium contained in a solid skeleton com-
posed of Li;B4 [156]. These materials are not strict alloy
anodes because both the free Li and the Li;B skeleton in
Li-B alloys can contribute to the electrochemical capac-
ity. Initially, discovered in the 1970s, Li-B alloys with 70%
(atomic content) Li have been widely applied as anodes in
thermal batteries because most Li-B alloys can remain solid
at elevated temperatures up to 650 °C [157]. However, the
electrochemical performance of Li-B anodes in nonaqueous
electrolytes at ambient temperature remains unsatisfactory
and is notably affected by the cutoff voltage [153, 158—160].
In detail, a high cutoff voltage leads to a large amount of Li
being stripped from the alloy anode, resulting in the collapse
of the porous skeleton and poor reversibility. In addition,
operating a cell with an Li-B anode at a low cutoff voltage
can ensure stable performance but will result in limited dis-
charge capacity [153].

As listed in Table 1, Ge has a maximum capacity of
1 624 mAh g~! when lithiated to Li,,Ges [154]. It is gen-
erally presumed that cracking and material pulverization
caused by a 260% volume change are the main causes of
the rapid capacity decay of the Ge anodes in cells with lig-
uid electrolytes [161, 162]. However, as we mentioned in
Sect. 2.3, Ge nanoparticles can maintain structural stability
without cracks during lithiation/delithiation, ascribed to the
more isotropous distribution of strain inside the nanoparti-
cles during lithiation [95]: this behavior is in sharp contrast
to the behavior of Si nanoparticles. Hence, it is proposed
that the accumulation of insulating SEI components such as
Li,Ge,H at the interface may be the cause of the rapid capac-
ity decay in traditional LIBs [163]. In addition, the high cost

of Ge poses a significant barrier to the commercialization of
Ge-based anodes.

Antimony (Sb) metals with unique two-dimensional
layered structures exhibit a high electronic conductivity of
2.5%10°S m~!, which ensures excellent kinetics [155, 164,
165]. Additionally, the volume change in Sb (135%) after
Li-ion insertion is much lower than that in Si or Ge, which
is beneficial for maintaining the structural stability of the
electrode. However, the electrochemical performance of Sb
significantly lags behind that of graphite anodes, commer-
cialized anode materials with layered structures [166—169].
Moreover, the severer issue lies in the toxicity of Sb to the
environment, causing the commercialization of Sb-based
alloy anodes to be challenging.

Si is abundant and environmentally friendly and has
potential to be a promising anode material with theoretical
capacities comparable to those of Li metal. The lithiation
potential of Si (0.4 V vs. Li/Li") can prevent direct Li
plating and Li dendrite formation. Its low cost enhances its
appeal for commercialization [170-172]. Based on com-
prehensive considerations of energy density, safety, stabil-
ity and cost, Si-based anodes remain the most promising
choices for ASSLBs. Extensive research efforts over the
years have led to substantial progress in mechanistic stud-
ies, battery design, and large-scale material production for
ASSLBs incorporating Si-based anodes, thereby continu-
ally advancing the prospects for commercialization. An
in-depth discussion of the application of Si-based anodes
in ASSLBs is presented as follows.

In most cases, poststudies about Si anodes are based on
LIBs. The violent volume change of Si, the ongoing growth
of the SEI, and the low Columbic efficiency are all chal-
lenging problems [86, 87, 173]. Specifically, the volume of
Si expands by ~280% after total lithiation, which indicates
that Si anodes suffer from cracking and pulverization after
repeated expansions/contractions, as displayed in Fig. 13a.
The generated cracks can block or destroy the pathways for
the electrons and Li* ions. A portion of the active material
may even lose electrical contact with the current collector. In
addition, fresh surfaces of Li-Si alloys are exposed to elec-
trolytes due to the violent volume change. Lithiated Li-Si
alloys are highly reactive toward traditional LIB electrolytes;
therefore, the SEI will immediately be generated on their
surface. However, the SEI is not stable enough to withstand

Table 1 Summary of the basic

. . Metalloid Lithiated phase Theoretical specific Volume Potential/(V vs. References
Err%zizrsues of common metalloid anode capacity/(mAh g™!) change/% Li/Li*)
B Li;Bg 2 892 \ 0.82 [153]
Ge Li,,Ges 1624 260 0.5 [154]
Sb Li;Sb 660 135 0.8 [155]
Si Li,,Sis 4200 280 04 [87]
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intense volume changes; thus, the continuous consumption
of electrolytes occurs to reconstruct the SEI [174]. Conse-
quently, batteries with Si anodes always exhibit low CEs
and deteriorating electrochemical performance. Addition-
ally, the trapped Li in the Si anode due to limited diffusion
kinetics (Fig. 13b) is another cause of the low CE, which
causes increased research interest in the prelithiation of the
Si-based anodes [175-177].

In the context of ASSLBs, Si-based ASSLBs exhibit
promising commercial prospects [67, 179—181]. First, the
mechanical strength of SSEs can aid in the compensation
of the volume change of Si anodes in theory. In addition,
ASSLBs are usually assembled and tested under external
pressure to ensure intimate interfacial contact. Soft Li can
easily deform and penetrate the SSE under pressure, leading
to a short circuit. However, using Si with a higher modulus
as the anode can prevent these occurrences. The hardness
of Li-Si alloys has been reported to always be lower than
that of pristine Si. Hence, lithiated Li-Si can deform plas-
tically under external pressure, maintaining close contact
with SSEs for excellent reversibility during cycling [114].
Moreover, both Si and Li-Si alloys exhibit better thermody-
namic stability toward SSEs. Furthermore, the immovability
of SSEs will reduce the contact area between the anode and

(a) D, ~ 150 nm

No Fracture
,_ (
—_—

SSE, thereby further reducing the occurrence of side reac-
tions in the battery [182].

However, the issue of a low initial CE still needs to be
addressed in Si-based ASSLBs. Some SSEs, especially
sulfides, have narrow electrochemical stability windows
and tend to decompose below 1.7 V [183, 184]. Since the
lithiation of Si occurs only when the potential is less than
0.4 V versus Li*/Li, side reactions will proceed via inter-
actions between the Si anode and P cations in the sulfide
electrolyte when the potential is less than 1.5 V (vs. Li*/Li);
these results are confirmed by both theoretical predictions
(Fig. 13c, d) and experiments [178]. These side reactions
contribute to extra capacity during the first charge of the bat-
tery. However, the byproducts (SiP,, SiP, and Li;SiP;) with
higher electrode potentials than Si show restricted reversibil-
ity within the cutoff voltage of the Si anode. Consequently,
selecting an appropriate SSE that matches the Si anode is
also crucial for ASSLBs [185, 186].

Composite Si Anodes. The structural design of Si-based
anodes is a topic of intense debate. One view advocates for
the incorporation of Si (and carbon materials) with SSEs to
form a composite anode, mimicking the situation in LIBs
where the liquid electrolyte can fully wet the anode. Sulfide
electrolytes with high ionic conductivity and excellent
mechanical properties are the most promising candidates

Diameter

(b)

Lithiation Delithiation
—_

@si @Lithiated phase Trapped Li @SEI layer

Fig. 13 Failure mechanisms of the Si anodes. a Volume effects of
the Si anode. Reprinted with permission from Ref. [86]. Copyright
© 2012, American Chemical Society. b Li trapped in the Si anode
during delithiation. Reprinted with permission from Ref. [176]. Cop-
yright © 2019, AAAS. Calculated electrochemical reaction energy

@ Springer

(c)3 oo0f S
e~ 1§ "”"ﬁgﬁ’a/
e e -0.5]
= E -\
235
°®
8 > -1.01 Voltage/
% 2L (V vs. Li*/Li)
‘é’ g -1.51 -1A5
o ®
[
8 &-20
> w250 - .0.0

00 02 04 06 08 1.0
Molar ratio, Si/(Si+LPS)

o
e
o)

(d)

>

>

(0]

5T

c €

feic}

o ©

T > Voltage/
(0]

=2 (V vs. Li*/Li)
©

BE ms
E®

25

§ o

2

w ~25L 1y,

00 02 04 06 08 1.0
Molar ratio, Si/(Si+LPSlI)

between Si and ¢ 75Li,S-25P,S5 and d 70(0.75Li,S-0.25P,S5)-60Lil
electrolytes, confirming the side reactions between the Li-Si anode
and the sulfide electrolytes. Reprinted with permission from Ref.
[178]. Copyright © 2023, The Royal Society of Chemistry



Electrochemical Energy Reviews (2024) 7:18

Page190f38 18

among SSEs for serving as the ionic conducting frame-
work in composite Si anodes. The pioneering work of
Trevey et al. involved mixing nano Si, acetylene black and
77.5Li1,S-22.5P,S5 at a mass ratio of 1:1:5 via ball milling
to form the composite Si anode [187]. The results showed
that the ASSLB with a composite Si anode achieved a much
greater capacity retention than the LIB, benefitting from the
composite structure and the internal generated pressure dur-
ing the powder compaction process.

The performance of the composite Si anodes can be
affected by various factors, including the mass ratio, size
distribution, mixing method, applied carbon materials,
and the type of SSE [188-190]. Smaller electrolyte parti-
cles are more conducive to constructing an efficient ionic
conductive path and fully releasing the capacity [190].
To improve the specific energy density of the battery, the
amount of electrochemically inert components, especially
SSEs, should be minimized as much as possible. Recently,
an inspiring result was reported for the Si-based ASSLB.
Figure 14a shows the preparation process of the composite
Si anode, in which a mixture of Si nanoparticles, LigPSsCl
electrolyte, and carbon black with a mass ratio of 6:3:1
was ball milled at 400 r min~! for 2 h. This composite Si
anode enabled a cell-level energy density of 285 Wh kg™!
(without current collectors) in the assembled Swagelok-
type ASSLB [84]. Furthermore, by preparing a bipolar
stacked ASSLB, as displayed in Fig. 14b, the cell-level
energy density could be increased to 204 Wh kg~! (with
current collectors), with the output voltage reaching 8.2 V
(Fig. 14¢) [191]. The uniform mixing of Si with SSEs and
the carbon inside the composite anode created a more suf-
ficient contacting area and reduced the local current den-
sity, which was crucial for improving the rate performance
of the cell. However, sulfide electrolytes tend to be ther-
modynamically unstable toward Li-Si, indicating that an
enlarged contact area between Si and the electrolyte may
intensify interfacial side reactions. Additionally, carbon
has been reported to promote the decomposition of sulfide
electrolytes, further degrading the long-term stability of
composite anodes [114, 192]. Hence, further research is
required to explore the most suitable composition to fully
leverage the merits of the composite Si anodes.

Diffusion-Dependent Si Anodes. Another view is that
Si or Si-C composites are sufficient for use as anodes in
ASSLBs, a concept referred to as diffusion-dependent
electrodes. In this way, the cell-level energy density can be
greatly improved. Notten et al. first applied a 50 nm thick
Si film in LiPON-based batteries [110]. A cross-sectional
SEM image of the cell is displayed in Fig. 15a. Accord-
ing to their reports, the discharge capacity of the assembled
SilLiPONILiCo0O, cell remained stable for 60 cycles, and
postmortem characterization indicated an intact interface
without any cracks between the thin Si film and LiPON

electrolyte after cycling. Subsequent studies of LLZTO-
based ASSLBs confirmed that the cycling stability was sig-
nificantly affected by the thickness of the Si film [193]. A
drastic Si volume change resulted in rapid capacity decay
when the thickness of the Si film approached or exceeded
900 nm. Only Si films with thicknesses less than 180 nm
could maintain close contact with the LLZTO electrolyte.

However, the high loading of Si anodes is imperative
for improving the cell-level energy density. Therefore, as
shown in Fig. 15b, the columnar Si anode (col-Si) with a
high areal loading exceeding 3.0 mAh cm ™2 was developed
via physical vapor deposition (PVD) [182]. The col-Si
anode exhibited unique 1D breathing phenomena during
lithiation, and the intrinsic pores inside could compensate
for the volume expansion to maintain structural stability,
ensuring the stable cycling of the col-SilLPSCINCM full
cell for more than 100 cycles. Nevertheless, due to the high
cost of PVD, col-Si was unsuitable for mass production.
In 2021, Tan Darren et al. [114] reported the application
of a 99.9% (by weight) micro-silicon anode prepared via
slurry casting in sulfide-based ASSLBs (Fig. 15¢), which
demonstrated a record high capacity retention of 80% after
500 cycles at 1 C (5 mA cm™2) in the assembled full cell. In
arecent study by Yan et al. [116], an Li-Si alloy anode was
fabricated via direct pressing of an Si-containing film and
Li foil together and exhibited improved kinetics and struc-
tural stability compared with those of the bare Si anode due
to the low hardness of the Li-Si alloy and prerelease stress
during lithiation. However, soft short circuits still existed,
especially under high-rate and high-capacity conditions. To
address this, hard carbon was mixed with Li-Si alloy as a
stabilizer to construct an inner connected ionic/electronic
conductive network, which helped to suppress the dendrite
growth (Fig. 15d). As a consequence, the hard-carbon-stabi-
lized Li-Si anode demonstrated a remarkable capacity reten-
tionat 1 C (5.86 mA cm™2).

3.1.3 Failure Mechanisms

Numerous research articles have investigated the failure
mechanisms of ASSLBs [194, 195]. A recent review by Liu
et al. [196] comprehensively addresses the failure modes
at Li metal anode/solid-state electrolyte (SSE) interfaces,
covering electric, chemical, electrochemical, and mechani-
cal aspects. Inspired by this review, we conducted a paral-
lel discussion on the failure mechanisms of ASSLBs with
Li alloy anodes. As mentioned earlier in Sect. 3.1, owing
to the higher potential and lower reducibility of the alloy
compared to those of pristine Li, the application of alloy
anodes effectively improves the (electro) chemical stability
of the anode-electrolyte interface. Therefore, chemical and
electrochemical failures stemming from excessive (electro)
chemical decomposition of thermodynamically unstable
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Fig. 14 Design of the composite Si anodes. a Schematic illustration
of the composite Si anode in high-energy all-solid-state batteries.
Reprinted with permission from Ref. [84]. Copyright © 2022, Wiley-

solid-state electrolytes at interfaces are uncommon in ASS-
LBs with alloy anodes. The following discussion will pri-
marily concentrate on the electric failure and mechanical
failure of ASSLBs with Li alloy anodes.

(1) Electric failure. Electric failure refers to the dendrites
being propelled by an electric field. The use of alloys as
anodes theoretically suppresses the formation of Li dendrites
since alloying reactions typically occur at higher potentials
where the necessary conditions for lithium deposition are not
met. However, the kinetics of alloy anodes have a significant

@ Springer

VCH. b Structure and ¢ advantages of bipolar-stacked all-solid-state
batteries. Reprinted with permission from Ref. [191]. Copyright ©
2022, Wiley-VCH

impact on their performance. If the diffusion of Li within the
alloy is sluggish or hindered, direct Li deposition rather than
Li alloying will be kinetically favored, thereby leading to the
accumulation of Li at the anode/electrolyte interface. Due
to the inherent defects on the surface of SSEs, the distribu-
tion of the electric field at the anode/electrolyte interface
tends to be inhomogeneous, which promotes the develop-
ment of these Li accumulations into Li dendrites. Addition-
ally, harsh working conditions, such as high cathode loading
and high rates, can stimulate the growth of alloy dendrites
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Fig. 15 Design of the diffusion-dependent Si anodes. a Cross-sec-
tional SEM image of the Si/LiPON interface after cycling. Reprinted
with permission from Ref. [110]. Copyright © 2007, Wiley-VCH. b
Schematic illustration of the contact between col-Si and SSEs and the
1D breathing behavior of the col-Si anode during lithiation. Reprinted
with permission from Ref. [182]. Copyright © 2020, Wiley-VCH. ¢

(such as Li-In dendrites), leading to short circuiting of the
cell. Moreover, both the inherent electronic conductivity of
the electrolyte itself and defects within the electrolyte may
trigger the direct Li deposition within the solid electrolyte
[27]. Therefore, additional methods are needed to improve
the electronic insulation of the interface and optimize the
structure and composition of SSEs.

(2) Mechanical failure. The significant volume change in
alloy anodes always poses a threat to the structural stability
of ASSLBs. Anode expansion during lithiation increases the
internal stress of the battery, as these volume changes cannot
be accommodated by the rigid and immovable SSEs. Conse-
quently, persistent stress concentration leads to mechanical
damage in the SSEs, including the development of micro-
cracks. Interfacial contact loss induced by void formation
is also an important form of mechanical failure [197]. Lu
et al. [198] conducted an in-depth investigation into the
evolution of interfacial voids and highlighted the significant
influence of current density and capacity on void formation
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The 99.9% pSi anode and its lithiation process in an all-solid-state
full battery. Reprinted with permission from Ref. [114]. Copyright ©
2021, AAAS. d Mechanism of the hard carbon-stabilized LiSi anode.
Reprinted with permission from Ref. [116]. Copyright © 2023,
Nature Publishing Group

kinetics. Specifically, the applied current density affects the
void nucleation process, while the capacity controls the void
evolution process. A higher current density results in smaller
but more numerous void nuclei. As the capacity gradually
increases, these void nuclei develop in 2D or 3D directions,
ultimately forming void defects with varying structures.
These voids block the mass transport, leading to the rapid
failure of the cell. Additional findings from Lee et al. [199]
indicate that a reduced anode thickness also accelerates the
occurrence of interface contact loss; this is related to the
intensified friction between the anode and the SSE. Regard-
ing the mechanism behind void formation, diffusion and coa-
lescence of vacancies are probably the primary causes of
void generation. However, a recent report by Li et al. [200]
contested this speculation, leaving the internal mechanism of
void formation an open question. While the aforementioned
studies primarily focus on the behavior of bare Li anodes,
the conclusions drawn from these investigations are equally
applicable to lithiated alloy anodes and composite lithium
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anodes with alloys. These newly emerged defects trigger
electrical failure of the cell due to exacerbated heterogene-
ity in the distribution of Li* flux within the battery. Once
dendrites are formed, the stress concentration at the dendrite
tips will also aggravate the cracking of electrolytes. This
type of failure is often referred to as “chemomechanical fail-
ure” or “electro-chemo-mechanical failure” in the literature
[195, 201]. A more drastic volume change of the anode cor-
relates to severer degradation in battery performance [202].
Therefore, a rational structure design is crucial for ASSLBs.

In general, batteries rarely experience failure due to a
singular cause. Therefore, a thorough and comprehensive
analysis is required to conduct failure analysis.

3.2 Li-Alloy Interlayers
3.2.1 Better Interfacial Contacts

The inherent affinity of certain alloys for Li metal enables
alloys to serve as effective interlayers between the Li anode
and SSEs via interactions between Li and lithiophilic alloys
or alloy compounds. A previous report on the construction of
an Li-alloy interlayer for better interfacial contact involved
sputtering a thin layer of Au on the clean surface of the SSE
pellet, primarily via magnetron sputtering or vacuum evapo-
ration [203, 204]. The spontaneous alloying process between
Au and Li facilitates seamless contact between the anode
and SSE. In addition, the Li-Au interlayer can also suppress
void formation during Li dissolution, which is essential for
improving the reversibility of the Li anode [203]. Recently,
metal compounds, such as fluorides and nitrides, have been
commonly employed at the Li/garnet interface through mag-
netron sputtering, drop casting, or spin coating to modify
the surface of garnet electrolytes [205-210]. Generally, the
original surface of garnet-type electrolytes is always con-
taminated with a lithiophobic Li,CO; layer, which results
in large interfacial resistance [211, 212]. After modifying
the surface of garnet-type electrolytes with these metal
compounds, the interfacial contact could be significantly
improved by the conversion reactions between Li metal
and metal compounds. For instance, Shi et al. prepared an
SnN,-coated Lig ,LasZr; ;Ta,cO,, (LLZTO) pellet via mag-
netron sputtering, which was then exposed to molten Li to
accelerate the conversion reactions between SnN, and Li
[207]. Consequently, the resulting Li,Sn/Li;N layer covered
all grain boundaries and voids, ensuring a uniform distribu-
tion of Li* flux and a dendrite-free morphology (Fig. 16a).
As aresult, the symmetric cell consisting of optimized inter-
faces showed a remarkable lifespan of 985 h at 0.1 mA cm ™2
with a low and stable overpotential. Notably, the reactions
between these coating compounds and Li metal at room tem-
perature could increase the roughness of the anode, pos-
sibly compromising interfacial contact and impeding mass
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transport through the interface [98]. Additionally, reactions
at room temperature can be sluggish and inadequate, further
compromising the overall electrochemical performance of
the cell. Therefore, an additional step involving an elevated
temperature beyond the melting point of Li metal is widely
used to accelerate the complete reactions between Li and
the introduced compounds, as elucidated in the report by
Shi et al. [207]. However, a high temperature raises safety
concerns during the preparation process. The viability of
these methodologies for prospective commercialization has
yet to be determined. Recently, a functional Li anode with
a composition gradient of LiF-LiAl-Li was reported for
garnet-based ASSLBs through reactions between molten Li
and AlF;. The significant difference in interfacial energy
between the Li/LiF and Li/LiAl alloy interfaces led to a
spontaneous composition gradient. The inner LiAl alloy
layer close to the Li metal enabled a low interfacial resist-
ance, while the LiF layer close to the LLZTO electrolyte
worked as a rigid shell to prevent the formation of Li den-
drites. As a consequence, this tactic substantially increased
the critical current density (CCD) of the Li symmetric cell
to more than 3.0 mA cm™> (Fig. 16b) [213].

Additionally, liquid alloys with low melting points pro-
vide promise for enhancing the interfacial contact between
the anode and SSEs. The unique fluidity of liquid alloys at
room temperature ensures good interfacial contact, as well as
the ability to heal interfacial defects, such as voids that arise
during cycling. In this context, mercury, the sole metal that
remains liquid at room temperature and atmospheric pres-
sure, was investigated [214-216]. An Li-Hg alloy with 1.3%
(molar content) Li could completely wet the LLTO pellet
and the Li,S-P,S; sulfide electrolyte, significantly reducing
the interfacial resistance. As displayed in Fig. 16c, the Li-Hg
alloy interface spontaneously underwent a phase transition
between liquid and solid with the plating and stripping of Li,
exhibiting an excellent self-healing ability to ensure dynamic
interface stability [215]. Moreover, a liquid Na-K alloy at
room temperature could also promote interfacial contact.
Additionally, the Na-K alloy interlayer remained stable at the
interface because neither Na nor K could alloy with Li metal
[113]. However, the fluidity of liquid alloys in the interlayer
could also cause specific problems. The SSE pellet is not
dense but has several pores and cracks inside it. Therefore,
the liquid alloy at the interface may infiltrate into the SSEs
along these defects, resulting in short circuiting of the cell.

3.2.2 Increased Interfacial Stability

As discussed in Sect. 3.1.1, although the electrode potential
of the alloy is lower than the reduction potential of SSEs,
the long-term stability of ASSLBs with alloy anodes is still
achievable [65, 85, 150, 217-219]. In addition to the theo-
retical predictions in Fig. 10c, a flexible SEI shell composed
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(a)

300C
Intimate contact

Li-amalgam interlayer
(initial phase)

Fig. 16 Li-alloy interlayers for better interfacial contact. a Sche-
matic illustration of the interfacial contact between molten Li and
SnN,-coated LLZTO electrolyte. Reprinted with permission from
Ref. [207]. Copyright © 2020, Wiley-VCH. b Gradient LiF-LiAl-

of In,S; was characterized on the surface of the cycled Li-In
anode, as shown by the in-depth XPS profile in Fig. 17a;
this shell can contribute to the kinetically stable interface
[117]. Therefore, using alloys as the interlayer may also
contribute to providing better interfacial stability from this
perspective. Nevertheless, in a recent review, the interfacial
stability of Li alloy interlayers/SSEs was questioned [220].
All alloys are electronic conductors, which indicates that
the alloy interlayer, or the interlayer rich in alloy compo-
nents, might aggravate the decomposition of electrolytes
or cause direct Li deposition on the top of the interlayer.
However, some studies have shown rather controversial
results in which Li alloy interlayers could still enhance the
interfacial stability. For instance, the Ag-Li intermetallic
layer prepared by rolling Ag and Li foils together greatly
improved the interfacial stability between the Li anode and
LigPSCl electrolyte [56]. In detail, the cross-sectional SEM
images in Fig. 17b showed the reversible change in thickness
of the Li layer under the Ag-Li interlayer during charging/
discharging, while the thickness of the Ag-Li layer remained
constant throughout the entire process. Additionally, X-ray
microscopy (XRM) images and XPS spectra confirmed that
the interface was still flat and stable after 30 cycles of dis-
charging/charging; these results indicated that no severe side
reactions occurred between the LPSC electrolyte and the
Ag-Li interlayer. The low electronic conductivity of Li-Ag
alloys and the excellent ionic transport property of the Ag-Li
interlayer were considered to be the main factors preventing
direct Li deposition above the Ag-Li interlayer. However,

+ Intimate contact
* No electron leakage
*+ CCD>3.0mAcm2atRT

Li-amalgam interlayer
(liquid phase)

FGLA “* Lithiophilic Li-LiAl

Lithiophobic

Li plating < Li

Li-amalgam interlayer
(solid phase)

Li anode and its merits. Reprinted with permission from Ref. [213].
Copyright © 2022, The Royal Society of Chemistry. ¢ Evolution of
the Li-Hg alloy interlayer during cycling. Reprinted with permission
from Ref. [215]. Copyright © 2020, Wiley-VCH

the Li* transport kinetics through the interlayer significantly
influenced the performance. The abovementioned results are
often obtained at low rates. The transport of Li* through the
alloy interlayer can be blocked or not timely enough at high
current densities, leading to the direct deposition of Li metal
above the alloy interlayer. Additionally, some alloy elements
in the interlayer may gradually diffuse into and eventually
dissolve in Li metal via inherent thermodynamic compat-
ibility, producing new concerns regarding the stability of
the Li-alloy interlayer [220]. Hence, additional studies need
to be devoted to exploring the inner mechanisms of alloys,
improving the interfacial stability and understanding the
evolution of interfacial structures.

Recently, it was proposed that mixing alloy components
with insulating inorganics can help to decrease the electronic
conductivity of the interphase while retaining the benefits of
Li alloy-rich interphase [139, 221-223]. Through in situ reac-
tions between metal chloride and Li metal, an Li alloy-rich
SEI with the incorporation of the insulating LiCI was prepared
to increase the interlayer resistivity to an order of magnitude
of 10* Q cm, which was significantly greater than that of the
native SEI layer on Li metal or the reported amorphous car-
bon layer. This high resistivity was sufficient to ensure the
deposition of Li below the composite layer [224]. In addi-
tion, Zhao et al. [225] noted that there could be a positive
impact of the alloy components at the interface of Li anode/
sulfide electrolytes, which could enhance the electrochemical
performance of the cell once a delicate balance between alloy-
induced interfacial deterioration and alloy-regulated uniform
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Fig.17 Li-alloy interlayers for improving the interfacial stability. a
In-depth XPS profile of the SEI on the indium anode. Reprinted with
permission from Ref. [117]. Copyright © 2021, American Chemi-
cal Society. b Cross-sectional SEM images of the LPSCI/Ag-Li inter-
faces in the full cell after the first cycle. Reprinted with permission

Li plating/stripping was established. Based on their findings,
only excess alloy components could lead to severe side reac-
tions at the interface. The corresponding positive effect of Li
alloys in stabilizing the interface was also confirmed by theo-
retical studies. As shown in Fig. 17c¢, d, simulations based on
the finite element method indicated that Li-Sn alloys in the
interface layer accelerated the diffusion of Li* through the
interface and improved the uniformity of the Lit flux, con-
tributing to stable cycling of the cell. Based on these findings,
later studies revealed that CuCl- or CuBr-doped argyrodite-
type sulfide electrolytes and Bi,0-co-doped Li;PS, electrolytes
also exhibited outstanding stability toward Li metal anodes
[226-230].

3.3 Li-Alloy in the Anode
3.3.1 Mechanical Constraints
Li-containing alloys are characterized by robust mechani-
cal strength and proficient electron and Li* conductivity
attributes and have high potential as the structural matrices

in composite Li anodes. The alloying process is facilitated
by melting a surplus of Li and other alloy constituents at
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from Ref. [56]. Copyright © 2021, Wiley-VCH. ¢ Distribution of the
Li* flux simulated by the finite element method. d Schematic diagram
of the working mechanism of the Li-Sn interface derived from in situ
reactions between Li and the gc-Li; ,P, sSn,,S, electrolyte. Reprinted
with permission from Ref. [225]. Copyright © 2021, Wiley-VCH

elevated temperatures. Upon subsequent cooling, the com-
posite anode adopts a form, in which the unalloyed Li metal
is confined within the construct of the alloy phase-based
skeleton [231, 232]. Continuous mechanical rolling at room
temperature can also accelerate the alloying process [233].
Since Li-containing alloys consistently exhibit higher poten-
tials than pristine Li, the cycling process is governed pri-
marily by the deposition/dissolution of Li metal, which is
expertly regulated via cutoff voltage manipulation. Conse-
quently, the alloy components persist as a stable framework,
which does not participate in the alloying/dealloying contri-
butions to the capacity evolution.

Initial investigations revealed a three-dimensional (3D)
skeleton structure manifested by fibrous Li,;B¢ encapsulat-
ing free Li metal within the Li-B anode framework [159,
160, 234]. Furthermore, Wu et al. examined the impact of
Mg doping on Li-LiB alloy anodes and reported an increase
in the affinity between Li and the LiB skeleton consequent
to Mg incorporation. The preparation process of this anode
is shown in Fig. 18a. After Li stripping, the residual Li-
deficient component (Li-Mg alloy) within the Mg-doped Li-
LiB anode was found to facilitate robust interconnections
among the LiB fibers, thus fortifying the structural integrity
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[235]. However, the direct contact between the Li metal in
the composite anode and SSEs, particularly the sulfide elec-
trolytes, created a delay, accentuating the potential for an
additional interlayer between the Mg-doped Li-LiB anode
and the sulfide electrolyte [236].

The performance of the Li-Mg alloy-composed skel-
eton was also verified. Yang et al. engineered an Li-Mg
anode incorporating 25% (by weight) Mg for employment
in LLZTO-based ASSLBs [112]. SEM imaging revealed a
scaffold structure of Li-deficient Li-Mg alloys characterized
by nanoscale pores following dealloying; this was subse-
quently amenable to Li infiltration during the deposition
process, culminating in the reformulation of Li-rich Li-Mg
alloys. This dynamic process is visually shown in Fig. 18b.
Evidently, this design conferred structural stability to the
anode, preventing any erosion of the contact between the
anode and garnet electrolyte. However, despite the enhance-
ment in kinetics conferred by Mg addition (Fig. 18c), room
temperature operability remains confined by its chemical
diffusion coefficient, necessitating elevated temperature or
increased external pressure, as indicated by the simulation
results depicted in Fig. 18d [55].

In parallel, the incorporated Cu mesh, Ni mesh, or Ni
particles can serve as alternative anode skeletons within the

composite Li anode, although these entities serve predomi-
nantly as electronic conductors rather than ionic conductors
[237-239]. The robust skeletal architecture with intrapore
conduits effectively mitigates the volume fluctuations of the
anode during cycling. Nevertheless, the high densities of Cu
and Ni produce an increased mass fraction of inactive con-
stituents within the battery assembly, potentially impeding
the increase of cell-level specific capacity.

3.3.2 Promotion of Li Diffusion and Li Deposition

In addition to their foundational role as structural scaffolds,
Li alloys can fulfill an additional noteworthy function as
proficient functional constituents within the anode, attrib-
uted to their inherent lithiophilicity and elevated Li* dif-
fusion coefficients [240-243]. The prevailing application
of these materials encompasses their ability to effectively
modulate the surface tension of Li metal through alloy-
ing, thereby enhancing the wettability of the anode toward
SSEs, with a particular emphasis on oxide- and sulfide-based
electrolytes [244-246]. A compelling instance is manifested
through the utilization of molten Li-Sn composite alloys,
wherein substrates are progressively wetted with increasing
Sn mass ratios, culminating in complete wetting achieved
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Fig. 18 Li-alloy skeletons in the anode. a Fabrication process and
electrochemical behavior of the Mg-doped Li-LiB anode. Reprinted
with permission from Ref. [235]. Copyright © 2020, Wiley-VCH. b
Li stripping/plating behavior in the cell with the garnet-type SSE and
the Li-Mg alloy anode. Reprinted with permission from Ref. [112].
Copyright © 2018, Wiley-VCH. ¢ Effective Li diffusion coefficient of

Li and Li-Mg alloys. The orange, gray and blue lines correspond to
Li, Liy 9sMg, 5 and Li; gMg, ;, respectively. d Simulated Li utilization
of the LiyoMg, , electrode as a function of current density at different
temperatures. Reprinted with permission from Ref. [55]. Copyright ©
2019, Wiley-VCH
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at Sn contents exceeding 50%, as illustrated in Fig. 19a.
This, in turn, creates a marked enhancement in interfacial
contact, as corroborated by the discernibly low interfacial
resistance (merely 7 Q cm~2) demonstrated by the symmet-
ric Li-SnlgarnetlLi-Sn cell configuration. In stark contrast,
the counterpart employing a pristine Li anode exhibits nota-
bly compromised interfacial contact, as evidenced by a sub-
stantially elevated interfacial resistance measuring approxi-
mately 1 000 Q cm™2 [247].

Moreover, the incorporation of alloying elements within
the anode matrix can exert a regulatory influence on the
deposition of lithium. Theoretical computations reveal the
evident proclivity of lithium atoms for mutual aggregation,
thereby prompting an inclination toward undue expansion
along specific orientations and provoking the formation of
lithium dendrites. This tendency of lithium atoms to coa-
lesce has been characterized succinctly in terms of cohe-
sive energy; its manifestation has been illuminated through
thorough first-principle calculations, yielding a computed
cohesive energy (E..,) of —1.61 eV between lithium atoms
[248, 249]. Notably, instances arise where the adsorption

; 10% Sn

Fig. 19 Li alloys in the anode to promote Li deposition and diffu-
sion. a Wetting ability of several molten Li-Sn alloys on Al,O; sub-
strates (the Sn contents of 10%, 20% and 50% are referred to weight
percentages). Reprinted with permission from Ref. [247]. Copyright

@ Springer

energy of lithium atoms onto the substrate decreases below
the stipulated threshold of cohesive energy, thereby amplify-
ing the propensity for lithium atom aggregation. Conversely,
scenarios characterized by the substrate’s adsorption energy
surpassing the magnitude of the cohesive energy culmi-
nate in the uniform deposition of lithium atoms upon the
substrate.

In light of these considerations, a notable contribution
comes from the work of Li et al., who introduced an inno-
vative Li,,Sns-enhanced composite Li anode supplemented
with an LiCq scaffold, denoted as LiSnC; this electrode
was specifically tailored for use in sulfide-based ASSLBs
(Fig. 19b) [250]. A comparative analysis of the surface mor-
phology of the LiSnC electrode (Fig. 19¢) and the unmodi-
fied bare Li electrode (Fig. 19d) after lithium stripping
showed compelling results. The adsorption energy of Li on
Li,,Sn; significantly exceeded E;, preventing the deposited
Li from aggregating into dendrites. Furthermore, the inter-
connected Li,,Sns network played a pivotal role in replenish-
ing the consumed lithium from the anode’s bulk to the inter-
face in a timely manner, thereby preventing the deterioration

20% Sn

© 2017, Wiley-VCH. b Preparation process of the LiSnC electrode.
Comparison of the surface morphology of the ¢ LiSnC electrode and
d bare Li electrode after Li stripping. Reprinted with permission from
Ref. [250]. Copyright © 2023, Elsevier
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of interfacial contacts between the anode and the sulfide
electrolyte due to lithium depletion-induced porosity. This
synergistic interplay exploits on the advantages of the three-
dimensional design inherent to the composite anode due to
the cooperative dynamics facilitated by Li,,Sns and LiC¢
constituents.

The latest improvements in the performance of ASSLBs
with Li alloys mentioned above are further summarized in
Table 2. Generally, when both the cathode and the SSE are
fixed, ASSLBs employing alloy anodes often demonstrate
higher capacity retention and stabler CEs over the long
term, at the expense of cell-level energy density. Addition-
ally, cells with non-prelithiated alloy anodes may exhibit a
lower initial CE due to the trapped lithium within the alloy
and interface passivation. Nevertheless, the performance of
alloy anodes is still widely acknowledged, as evidenced by
the frequent use of Li-In alloys as reference electrodes. In
addition, numerous studies focusing on electrolyte or cath-
ode modifications still prefer Li-In alloys as anodes to ensure
the stability of the anode/electrolyte interface.

Whether the alloy functions as the interface layer or
the functional component within the anode, it essentially
remains an Li metal anode, involving only the stripping/
plating of metallic lithium during charging/discharging.
Longstanding as the “holy grail” among anode materi-
als, metallic lithium always enables the highest energy
density of full cells. Introducing Li alloys into the surface
or bulk of an Li-metal anode can improve the cycling
stability by regulating the electrochemical behavior of
Li. However, the effects of these modifications are still
limited, as ASSLBs with alloy-modified anodes or alloy
interlayers still exhibit a tendency for earlier failure dur-
ing prolonged electrochemical cycling than those with
pure alloy anodes. Additionally, the general applicabil-
ity of these strategies across various electrolyte systems
needs further discussion.

4 Conclusions and Perspectives

The practical attainment of ASSLBs faces a formidable chal-
lenge pertaining to the inherently unstable interface between
the anode and SSE. This interface instability causes the fol-
lowing concerns: pronounced side reactions stemming from
significant Fermi level disparities between the anode and
SSE materials, compromising anode material utilization and
overall battery performance; the intrusion of Li metal into
the electrolyte due to electrolyte mechanical failures or con-
current Li* and electron flows; and contact loss issues during
Li stripping. Among the various strategies for enhancing
interface performance, the adoption of Li-alloy materials
has garnered substantial attention, and these materials have

exhibited efficacy in diverse contexts. In detail, there are
three major Li-alloy material applications in ASSLBs: (1)
as anodes, suppressing side reactions and Li metal intru-
sions; (2) as interlayers, ensuring contact and mitigating
interphase overpotentials; and (3) within lithium-dominant
anodes, lowering the nucleation potential and regulating
Li* plating. This review provides Li-alloy thermodynamics,
kinetics, and mechanics, substantiating property-application
correlations while delving into the working principles and
the applicability of Li alloys.

4.1 Thermodynamics

Three types of phase diagrams for Li-alloy systems are sys-
tematically discussed in terms of solubility. On the basis
of the phase diagram, the redox potential and the specific
capacity of Li alloy materials are correlated with their elec-
trochemical performance when applied as anodes, and the
detailed theoretical derivation process is shown. The Li-Mg
alloy with the lowest average potential and Li-Si with the
highest specific capacity may be promising candidates for
use in alloy anodes. Moreover, the evolution of the phase
structure accompanied by the crystal structure evolution of
Li alloys during the lithiation/delithiation process is pro-
vided. In addition, this review proposes that more attention
should be focused on the crystal structure evolution of Li
alloys to consider their electrochemical performance.

4.2 Kinetics

Li-ion diffusion within alloys plays a vital role in shaping the
electrochemical performance of ASSLBs. Two discernible
modes of lithium diffusion, i.e., the interstitial and vacancy
diffusion, are described, with direct hopping and coordina-
tion mechanisms delineating each mode. In addition, the
diffusion coefficient serves as a critical metric in the context
of alloy anodes undergoing phase transitions during elec-
trochemical cycling. Moreover, the phenomenon in which
lithium dendrites form in alloy anodes when deposition rates
exceed diffusion rates should be considered in future studies.

4.3 Mechanics

In ASSLBs, the fracture and pulverization of alloy particles
during cycling, coupled with void formation due to delithia-
tion, elevate the charge carrier transport pathway tortuosity,
increasing the battery resistance. Volume variations influ-
ence the battery pressure, impacting the electrochemical
performance. The alloy’s particle size and its partial molar
volume of Li contribute to the pressure evolution. Mechani-
cal properties also affect battery failure mechanisms, includ-
ing contact loss and electrolyte fracture. Establishing the
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Table 2 Summary of the performance of ASSLBs with Li alloys in recent reports

Anode Cathode (areal loading) Electrolyte Test conditions Capacity retention References
Ag-C composite (mass LiNi oCoy osMny 45O, LigPSsCl1 05C 89%, 1 000th [57]
ratio of Ag:C=1:3) (6.8 mAh cm™?) 60 °C
In-Li (mass ratio of LiNbO;-coated LigPSsCl1 3.8mAcm™  100%, 800th [78]
In:Li=98:2) LiNi, ¢Co, ,Mn, ,0, (4 25°C
mAh cm™)
Lij gAl S (1 mgem™) Li,(GeP,S,, 02C 93.29%, 200th [59]
25°C
Aly, sIns 5 LiNij; ¢Mn,,Co,,0, (2.1  LigPSsCl 2 mA cm™2 100%, 500th [151]
mAh cm™?) 25 °C
Composite anode with Li,SiO,-coated LigPS5Cl C/3 71.5%, 650th [84]
nano-Si (mass ratio of LiNi, ¢Mn, ,Co, ,0, RT
Si:SE:carbon black is (20 mg cm™?)
6:3:1)
Lithiated Si-hard carbon LiNij ¢Mn,, ,Co, ;0, LigPSsCl 5.86 mA cm™2  80%, 1 033th; 61.5%, 5 [116]
hybrid anode (mass ratio (18.66 mg cm™?) 55°C 000th
of Li:Si:HC =23:29:44)
99.9% (by weight) micro-  LiNij¢Mn, ;Co, ;0, LigPSsCl1 5 mA cm™2 80%, 500th [114]
Si (25 mg cm™?) RT
Li metal with the LiNi, sCo,,Mn, ;0, Lig 4LasZr, 4,Ta; O, 025C 92.6%, 200th [207]
Li ,Sn-Li;N interlayer (1 mg cm™2) 25°C
Li metal with the LiFePO, (2 mg cm™2) Lig ,La;Zr, ,Tay 4O, 02C 92.4%, 110th [209]
LixIny-Li3N layer RT
Li metal LiNi, ¢Mn,, ,Co, ;0, Lig sLasZr, sTa, 50, 05C 89%, 200th [205]
(3-4 mg cm™2) pellet with an LiF-LaF;  RT
interlayer
Li metal anode with the LiNi, sCo,,Mn, 50, Lig sLa;Zr, sTa, 50, 1.3mAcm™  80%, 200th [213]
composition gradient of (4 mgem™3) RT
Li-LiAl-LiF
Li anode with the Ag-Li LiNi, (Co,,Mn,,0, LisPS;Cl 02C 93%, 140th [56]
layer (13 mg cm™) 55°C
Li anode with an Mg,(Big, Cl-doped LigPSsCl1 153 mA cm™2  64.3%, 300th [115]
interlayer LiNi, ¢Mn,, ,Co, 0, 80 °C
(25.5mg cm™?)
Li metal LiCoO, (8.9 mg cm™?) Glass-ceramic 0.1C 77%, 60th [225]
Lis 5P gSn,S4 RT
Li metal LiCo0O, (2 mg cm™) LigPSsCl withMgandF  0.2C 93.3%, 100th [251]
incorporation RT
Li metal LiNiy ¢(Mn,, ,Co,,0, (1.34  LigPS;CI-CEL (mass 0.1C 93.7%, 100th [223]
mAh cm™2) ratio of LigPSsCl: RT
Li,,GeP,S,,=9:1)
Li metal with Cu,0-GO LiCo0, (2.75 mg cm ™) Li,(GeP,S;, 01C 92.9%, 120th [237]
coated Cu skeleton RT
Mg doped Li-LiB alloy S (1.3 mgcm™2) Lig 5451, 74P 44511 7Cly 3 02C 82%, 60th [236]
with Ag@C layer 60 °C
Li-free Ni_C_Ag anode LiNbO;-coated LigPSsCl, sBr 5 0.5mAcm™  58.83%, 100th [238]
LiNi, ¢Co, ;Mn, ,0, 30°C
(17 mg cm_z)
Composite Li anode Li,ZrF¢-coated LisPSsCl1 02C 73%, 80th [250]
with LiCg skeleton and LiNi, ¢Coq gsMng (5O, RT

Li,,Sns

(6.24 mg cm™)

connection between alloy mechanical properties and bat-

tery failure mechanisms is crucial for advancing ASSLBs

through advanced characterization techniques and theoreti-

4.4 Application

Li alloys exhibit an advantageous capacity to mitigate side

cal analysis. reactions and suppress dendrite growth when employed as
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anode materials because of their elevated electrode poten-
tial relative to lithium and distinctive alloying electrode
reactions. However, the practical feasibility of employing
alloy-based anodes within ASSLBs warrants careful consid-
eration. This is particularly pertinent when the alloy reac-
tion is confined to the two-phase region. Consequently, the
effective specific capacity of the alloy may markedly deviate
from the requisites of high-energy-density battery applica-
tions. Moreover, even Si, heralded as a premier Li metalloid,
encounters challenges in achieving high CEs within ASS-
LBs. In response, two strategies have emerged to address
this predicament: the formulation of composite Si anodes
and the attainment of diffusion-dependent Si anodes. Fur-
thermore, when harnessed as interface modification layers,
alloys have potential for enhancing the lithium wettability
to electrolytes and possibly improving the stability of the
anode/electrolyte interface. Nonetheless, the extent of sta-
bility enhancement remains a subject of ongoing scholarly
debate. Finally, alloys find utility as framework materials for
Li metal anodes, thereby enhancing the mechanical robust-
ness of the electrode structure and concurrently lowering the
energy barrier for lithium nucleation. This multifaceted role
of alloys in electrode highlights their salient potential within
the realm of advanced battery technologies.

4.5 Perspectives

In prospective investigations, the development of ASSLBs
with Li alloys can be promoted through advanced characteriza-
tion, theoretical calculations, and innovative designs (Fig. 20).
The utilization of alloy materials for optimizing the interface
between the anode and electrolyte necessitates a comprehen-
sive characterization of the intrinsic thermodynamic, kinetic,
and mechanical attributes of the material employing sophis-
ticated characterization methodologies. Advanced techniques
such as X-ray tomography, neutron computed tomography
(CT) and cryo-TEM can provide valuable insights into the
material properties, electrochemical processes, and structural
changes occurring within the ASSLBs using Li-alloy materi-
als. These characterizations can aid in identifying challenges,
guiding material design, and accelerating the development of
robust ASSLBs for practical applications.

Numerous opportunities exist in the compositional design
of anodes with Li alloys, and an efficient screening method is
highly necessary. Fortunately, the advancement of artificial
intelligence (AI) and machine learning methods can acceler-
ate the screening process for Li alloy materials applicable
in ASSLBs. Specifically, high-throughput theoretical simu-
lations provide a feasible avenue for simulating a series of
alloy properties, encompassing potential, capacity, diffusion
kinetics, interface dynamics, and mechanical characteristics.
Based on these simulations, trained Al or machine learning
models are expected to conduct a comprehensive theoretical

evaluation of alloys, thereby providing guidance for future
experiments. Furthermore, in-depth investigations into the
behavior of the Li alloy/SE interfaces can also be achieved
through high-throughput computational simulations to pro-
mote the exploration of material interactions and the design
of innovative battery architectures. These computational
insights have potential to facilitate academia and industry
in determining suitable alloy candidates.

In the context of the application of Li alloys as anodes,
instances of successful integration remain relatively limited.
Drawing from examples such as Samsung’s silver-carbon
composite materials, future advances in composite alloy
anodes may converge toward enhancing intrinsically robust
mechanical attributes within the anode structure. This trajec-
tory aims to mitigate the failure of active materials arising
from structural alterations during the alloying processes.
However, it is imperative to underscore that certain anodes,
exemplified by Li-In, may predominantly serve as transition
components. The application of these electrodes as prac-
tical anode materials for high specific energy ASSLBs is
rather limited. In the domain of Li alloys as interface layers,
debates persist regarding the capacity of pure Li alloys as
effective electronic conductors to ensure interface stabil-
ity with the electrolyte. Nevertheless, incorporating alloy
materials at the anode/electrolyte interface has promise for
bolstering interfacial stability. Finally, envisioning Li alloys
as scaffold materials for metallic Li anodes is a compel-
ling avenue. Leveraging their inherent mechanical strength,
Li alloys can serve as rigid nucleation sites, thereby effec-
tively suppressing the growth of damaging lithium dendrites.
This multifaceted role accentuates the pronounced poten-
tial inherent in the integration of Li alloys toward achieving
enhanced and stable energy storage devices.

ASSLBs with Li alloys provide significant promise for
future energy storage technology. Currently, ASSLBs with
alloy anodes have reached a relatively high level of maturity for
commercialization. Due to their enhanced safety and energy
density, ASSLBs are promising alternatives to traditional lith-
ium-ion batteries employing graphite anodes. With ongoing
developments in this field, various potential applications in
electric vehicles, consumer electronics, and renewable energy
storage are foreseeable. The application in electric vehicles is
an example. The increased energy density of ASSLBs with
alloy anodes extends the cruising range on a single charge. In
addition, the improved resistance of alloy anodes to dendrite
formation reduces the risk of thermal runaway. Moreover, the
favorable rate performance of ASSLBs with alloy anodes, as
demonstrated in recent reports, facilitates the prospect of fast
charging. As research progresses, the incorporation of alloys
into Li metal anodes has tremendous potential for propelling
commercial ASSLBs toward the ultimate goal of achieving all-
solid-state Li metal batteries. At that point, the field of energy
storage will experience a revolutionary transformation.
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Fig. 20 Illustration of perspectives on ASSLBs with Li alloys
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