Development of advanced anodes for solid-state lithium batteries
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ABSTRACT

Solid-state batteries (SSBs) may offer superior energy density, faster charging kinetics, better safety, and
extended lifespan compared to conventional lithium-ion batteries that utilize flammable liquid electrolytes.
These advantages position SSBs as a leading candidate for next-generation energy storage technologies, partic-
ularly in applications requiring high efficiency and safety, such as electric vehicles and renewable energy sys-
tems. At the core of SSB technology is the anode active material (AAM), which plays a crucial role in determining
the battery’s energy density, cycling stability, and overall safety. This review systematically summarizes various
AAMs employed in solid-state environments, encompassing a diverse range of materials, including metal-, car-
bon-, and alloy-based systems. Furthermore, it examines recent advancements in AAM design, focusing on
innovative optimization strategies that enhance battery performance. By providing a thorough analysis of these
materials and the progress made in their development, this review offers valuable insights into the future trends,

opportunities, and challenges in the field of high-performance SSBs.

Introduction

With the steady expansion of the electric vehicle market, secondary
battery technology, namely, lithium-ion batteries (LIBs), is progressing
towards higher energy and power densities [1,2]. Nevertheless, this
progress in technology frequently accompanies thermodynamic insta-
bility, which has sparked increasing apprehension among consumers
about the safety of mobile devices [3,4]. The main cause of battery
thermal failure is the utilization of flammable organic electrolytes,
which present hazards of leakage and fire [5,6]. Constructing solid-state
batteries (SSBs) with superionic solid electrolytes (SEs) offers a prom-
ising solution, as these materials not only enhance safety but also
contribute to improved cell-level energy density [7-9]. SSBs hold strong
application potential and are being actively developed globally, driven
by national policies and strategic plans [10,11]. In the United States,
SSBs are viewed as essential for maintaining leadership in battery
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technology, with the “National Lithium Battery Blueprint for 2021
2030" highlighting them as a key objective. The European Battery Alli-
ance’s "BATTERY 2030 + Roadmap* emphasizes SSBs’ potential in self-
healing and intelligent battery systems. In 1987, China included SSBs in
the ”863" Program, and their strategic role was further reinforced by the
2020 “New Energy Vehicle Industry Development Plan (2021-2035).”
The Society of Automotive Engineers of China’s “Roadmap 2.0" sets
ambitious performance targets for high-energy—density batteries,
namely 350 Wh kg ! by 2025, 400 Wh kg ! by 2030, and over 500 Wh
kg ! by 2035. These targets outline an ambitious vision for the future,
focusing on enhancing energy density, safety, and long-term stability,
which are crucial for the widespread adoption of SSBs [12].

Amidst this backdrop, companies in the industrial sector are actively
working to translate these technological advancements into commer-
cially viable solutions, paving the way for a new era in sustainable
transportation. Notably, Solid Power has been dedicated to the
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development and mass production of SSBs. Itsbattery design, featuringa

“lithium nickel cobalt manganese oxide (NCM or NMC) cathode + SE +
lithium metal anode,” can achieve an energy density of 440 Whkg 1. In
terms of industrialization, Solid Power established a 1 MWh pilot pro-
duction line in June 2022, which is compatible with traditional LIB
production lines, enabling quick transition towards GWh-scale mass
production. Currently, Solid Power produces batteries using a design of
“50 % silicon anode + SE + NCM cathode,” with a weekly output of
approximately 300 units and an annual output of around 15,000 units,
aiming to begin full-scale production in 2026 [13].

In academia, research on SSBs has surged, with publications
increasing in number significantly since 2010, as illustrated in the bar
chart in Fig. 1. The majority of these studies focus on SEs, highlighting
their critical role in advancing SSB technology. Nevertheless, SSBs
remain in the early stages of development, and progress in SEs alone will
not be sufficient to guarantee major enhancements in performance.
Equally crucial is the advancement of electrode active materials having
energy densities that meet or exceed those of current LIBs. These ma-
terials need to possess both high specific capacities and demonstrate
robust chemical and electrochemical stability, as well as good compat-
ibility with SEs to ensure stable cycling of SSBs [6,14,15].

Anode active materials (AAMs) are crucial components in advanced
SSBs (Fig. 2) since they must provide high performance, including high
specific capacity, excellent stability, and fast ion and electron transport
capabilities [6,16]. These attributes are essential for ensuring the
effective and steady operation of the battery. Among various AAMs,
lithium metal anodes have garnered significant interest in the devel-
opment of SSB technology, primarily due to their high theoretical spe-
cific capacity of 3860 mAh g ! and low electrochemical potential
[ 3.04V vs. standard hydrogen electrode (SHE)] [17,18]. Nevertheless,
in practical applications, the use of lithium metal anodes often results in
unstable interfaces with SEs due to significant volume changes (chemo-
mechanical degradation) and undesirable side reactions. These issues
make lithium metal anodes highly susceptible to loss of electrochemi-
cally active material and dendrite growth [19,20]. The latter not only
causes damage to the structure of SSBs but also has the potential to
rupture the SE (which may also act as separator), posing significant risks
to the safety and lifespan of the battery [21,22]. The structure and
composition of lithium metal anodes directly affect the deposition and
dissolution behavior of lithium ions. By carefully designing the intrinsic
structure and optimizing its composition, fast ion transport can be
achieved, mitigating side reactions with the SEs, maintaining interface
stability, and inhibiting the growth of lithium dendrites [23,24]. In
addition to lithium metal, alloys, and carbon-based materials are also
promising AAMs due to their beneficial properties [25]. Among them,
alloys can provide specific capacities comparable to that of the lithium

metal anode, but importantly, they are capable of mitigating the elec-
trode breathing to some extent, thereby significantly extending the
battery’s cycle life [26]. Carbon-based AAMs such as graphite, hard
carbon (HC), soft carbon, carbon nanotubes, etc. offer a rigid structure
and unique lithium-ion storage mechanisms (primarily of insertion
type), limiting volume changes upon lithiation to less than 10 % [27].
Furthermore, these materials are typically of high electronic conduc-
tivity and exhibit good chemical stability, both of which contribute
positively to the overall performance of SSBs [28]. Notably, the recent
development of anode-less SSBs represents a significant breakthrough,
enhancing energy density by reducing the mass of inactive materials on
the negative electrode side [29,30].

As scientific research advances and technology progresses, numerous
new types of AAMs are being developed. These materials are finding
increasing use in advanced SSBs, leading to substantial improvements in
performance and rapid growth of the field [31]. Recent years have seen a
notable increase in publications related to anode active materials,
reflecting the growing interest in this area. Although several summaries
have emerged for lithium metal, recent studies highlight the potential of
alloy- and carbon-based anodes in SSBs, necessitating a comparative
analysis to reveal future development trends. This study establishes the
first unified framework integrating lithium metal as well as carbon- and
alloy-based AAMs, systematically elucidating the distinct characteristics
of these materials in SSB applications. Through multidimensional
comparative analysis, we reveal that while lithium metal offers theo-
retical capacity advantages, it faces engineering bottlenecks, whereas
carbonaceous anodes demonstrate excellent cost-effectiveness due to
mature manufacturing processes, and alloy-based AAMs exhibit high-
capacity prospects through structural design innovations. Specifically,
dendrite challenges need to be overcome in the case of lithium metal to
achieve high energy densities; the compatibility of carbon-type AAMs
needs to be enhanced through, e.g., composite modifications; and alloy-
based AAMs require solutions to issues relating to volume variations for
high-capacity applications. Notably, these materials are not simply
substitutable alternatives, but rather their synergistic development re-
lies on advancements in SE design/chemistry and device integration
technologies. We anticipate that this study will also offer useful per-
spectives for researchers in related disciplines and contribute to the
continuous advancement of anode technologies in SSBs.

Solid-state battery anode active materials

The properties of AAMs play a crucial role in determining the overall
performance of SSBs, affecting factors such as energy density, efficiency,
lifespan, and safety. AAMs that are considered ideal must exhibit stable
physicochemical properties and demonstrate promising electrochemical
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Fig. 1. Number of papers published on SEs and anodes for application in SSBs (Web of Science, combined search for “all-solid-state batteries”, “solid-state elec-

trolytes”, and “anode™).
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Fig. 2. The components of SSBs and the challenges faced by the anode.

performance. This involves having high electronic and ionic conduc-
tivity, as well as a high capacity for storing lithium, while also meeting
strict safety regulations and keeping production costs low [32,33].
Therefore, ongoing research and refinement of AAMs are essential to
significantly enhance the technological advancement and commercial
viability of SSBs [34].

Currently, the focus of research on AAMs for SSBs generally revolves
around lithium metal, carbon-based materials, and alloys, each offering
distinct advantages due to their unique properties (Table 1). When
evaluating battery energy density, lithium metal is an excellent choice
for the reasons mentioned above. However, the application of lithium
metal anodes in solid-state environments faces several challenges, which
are described below. Firstly, during battery operation, the dissolution
(stripping)/deposition (plating) of lithium is accompanied by substan-
tial variations in structure. These changes cause cracking and regrowth
of the solid electrolyte interphase (SEI) and the formation of “dead”
lithium, both contributing to the loss of electrochemically active mate-
rial and leading to continuous decline in Coulomb efficiency (CE)
[41-43]. Secondly, the rigid structure and poor wettability of SEs make
it difficult to accommodate the structural variations of the anode during
de-/lithiation. This in turn results in the loosening of physical contact at
the interface, leading to uneven lithium deposition and the growth of
dendrites, which may cause micro-shorts or short circuits within the
battery [44,45]. Thirdly, the high reactivity of lithium metal causes

Table 1

severe side reactions at the interfaces, leading to anode corrosion,
reduced efficiency, and rapid degradation of interfacial properties,
including increased resistance and hindered ion transport. This insta-
bility promotes the formation of lithium dendrites, which can damage
the anode, puncture the separator layer, and cause internal short cir-
cuits, ultimately reducing the battery’s energy density and cycle life. To
address the issues mentioned above, the most effective approaches are
creating a protective layer on the Li|SE interface and designing three-
dimensional (3D) frameworks to serve as a host for the lithium ions.
These methods enhance the structural stability of the lithium metal
anode, prevent interfacial degradation, and inhibit the growth of den-
drites [46,47]. Ultimately, these approaches significantly improve the
reversibility and cyclability of lithium metal anodes in SSBs. The section
on “lithium metal anode” provides a detailed description of the many
strategies used to optimize performance, along with the associated
working principles [48,49].

Carbon-based materials are widely used in commercial LIBs due to
their high stability [50]. In contrast to lithium metal anodes, carbona-
ceous materials can store lithium ions via intercalation or (near) surface
adsorption-type mechanisms, without undergoing major structural/
volumetric changes during cycling [51-53]. However, the relatively
slow electrochemical reaction process on the surface of carbon-based
materials and their low equilibrium potential result in a limited over-
potential tolerance, thereby somewhat preventing fast charging. The

Comparison of characteristics of representative anode active materials (The volume expansion rate is defined as the percentage change in volume before and after

lithium insertion relative to the initial volume) [35-40].

Material Theoretical specific capacity Electrode potential Cycle life Volume expansion (%) Safety Market price
(mAh g 1) (V vs. Lit/Li) (number) ($/ton)
Lithium 3860 200 1000 ~120 poor 50000 70000
Graphite 372 0.1 > 1000 <10 good 1000 2000
Silicon 3590 0.4 100 500 ~300 moderate 8000 10000




complex composition and structural properties of carbonaceous mate-
rials (HC and soft carbon featuring large interlayer spacings, abundant
pores, and irreversible active sites) often result in low initial Coulomb
efficiency (ICE). Furthermore, due to the high mechanical strength and
poor wettability of SEs, they struggle to penetrate carbon-based mate-
rials as effectively as liquid electrolytes do, leading to poor interfacial
contact with SEs and subsequently exacerbating interfacial resistance.
To overcome the challenges posed by the inherent limitations of
carbonaceous materials, various surface modification techniques have
been explored. These modifications aim to mitigate undesirable side
reactions with SEs, enhance both electronic and ionic conductivity, and
improve surface adsorption and diffusion properties. By addressing
these issues, such modifications can significantly enhance the rate per-
formance and reversible capacity of carbon anodes in SSBs. Addition-
ally, these enhancements contribute to better interfacial stability and
reduced resistance, which are critical for improving the overall battery
performance. Owing to their exceptional stability and high electronic
conductivity, carbon-based materials are frequently employed as addi-
tives in the preparation of composite electrodes with lithium metal or
alloys, further improving the cycling stability of the anode. For instance,
Duan et al. developed a Li-C composite using graphite as an additive,
which effectively increased the interfacial wettability of lithium metal
[54]. More optimization strategies and examples are described in the
section on “carbon-based anode active materials”.

Alloy-based AAMs such as silicon (Si), tin (Sn), aluminum (Al), and
their composites exhibit higher lithium-storage capacities than tradi-
tional graphite [55]. However, such anodes undergo volumetric changes
ranging from 50 to 300 % during de-/lithiation, significantly exceeding
those of carbon-based materials [56,57]. In SSBs, the expansion of alloy
particles or structures leads to the generation of stresses and strains,
which can potentially cause local SE failure and a series of issues, like
mechanical degradation or delamination at interfaces. Moreover, in
contrast to lithium metal anodes, the mechanical properties vary greatly
with the composition. Previous experiments on Si and Sn have revealed
a significant decrease in yield strength and Young’s modulus from the
pristine materials to the lithiated alloys [58,59]. For instance, the yield
strength of Si decreases from 2 GPa to 430 MPa upon full lithiation [60].
Furthermore, due to poor contact between alloy-based AAMs and SEs,
the internal ion/electron transfer poses a significant challenge. To
address the issues faced by alloy-based anodes and achieve improved
electrochemical performance, various effective strategies have been
proposed, including nanostructuring, structural modifications, and
composite formation with other materials. Trevey et al. used multi-
walled carbon nanotubes as conductive additive, establishing an effi-
cient electron and ion transport network that doubled the capacity of the
Si anode and ensured longevity [61]. Aside from introducing SEs into
the electrode to establish ionically conductive pathways, selecting ma-
terials with both high ionic and electronic partial conductivities as ad-
ditives is also a straightforward approach. Dunlap et al. employed heat-
treated polyacrylonitrile both as a binder and as a conductive additive
for Si anodes, realizing AAM contents of up to 70 % in the electrode and
significantly enhancing the energy density [62]. Further elaboration on
the optimization strategies for alloy-based anodes will be presented in
the section on “alloy-based anode active materials”.

Solid electrolytes

SEs, forming the backbone of SSBs, have been the focus of much
attention recently [63,64]. Ideal SEs typically exhibit several crucial
properties, including low electronic conductivity (celee < 10 7 mS
cm 1), high ionic conductivity (6jon, > 1 mS cm 1), excellent chemical
compatibility with electrode active materials and other cell components,
a wide electrochemical stability window (0-5.0 V vs. Li*/Li), superior
thermal stability, and the ability to be produced on a large scale with
significant cost-effectiveness [65,66]. Over the past few decades, re-
searchers have conducted in-depth studies on many different inorganic

and polymer SEs, resulting in major improvements in their performance
characteristics [67].

Inorganic SEs

Inorganic SEs are classified into several categories, namely oxides,
sulfides, halides, nitrides, anti-perovskites, and hydrides. In 2003,
Thangadurai et al. [68] made the discovery of garnet-type materials,
mainly LisLagM2012 (M = Ta or Nb, with 6jon ~ 10 3mSem lat25°C).
In 2007, Murugan et al. [69] introduced a novel garnet-type SE,
LiyLagZry015 (LLZO). This electrolyte revealed a high ionic conductivity
of 0.1 mS cm ! at 25 °C, along with favorable thermal and chemical
stabilities. LLZO derivatives have made significant progress since then.
The ionic conductivity of LLZO-type SEs can be enhanced by introducing
elements such as Ta, Al, Ga, Nb, W, or Te [70]. For instance, Qin et al.
conducted an experiment where they synthesized GayOs-substituted
LLZO (i.e., Lig 55Gag 15LasZro013), achieving a high ionic conductivity of
2.06 mS cm ! at 25 °C [71].

Sulfur exhibits a lower electronegativity and a larger ionic radius
when compared to oxygen, which results in weaker bonding with
lithium and fast ion transport in the respective sulfides [75]. Generally,
these SEs possess high ionic conductivities (e.g., LigPSsCl with 6jon > 1
mS cm ! at 25 °C), approaching or even exceeding that of liquid elec-
trolytes, which can make SSBs also interesting for high-power applica-
tions [76]. Sulfide SEs are also notable for their soft mechanical
properties, characterized by a low modulus of elasticity [77]. This al-
lows for close particle-to-particle contact, even upon cold pressing,
setting them apart from oxide SEs. However, sulfide SEs have a limited
electrochemical stability (e.g., LigPSsCl: 1.7-2.0 V vs. Li*/Li, see Fig. 3)
and poor compatibility with electrode active materials, which may
negatively affect battery performance [78]. Furthermore, the commer-
cial use of sulfide SEs is restricted due to the combination of expensive
raw materials.

Sulfides are highly sensitive to moisture, readily reacting with water
(and oxygen) in the atmosphere, resulting in the formation of toxic HyS,
thus necessitating strict safety measures for their manufacture, trans-
port, and handling [79,80]. Based on the mechanisms of interfacial re-
actions and lithium dendrite growth, strategies such as constructing
artificial (interfacial) buffer layers or doping have been employed to
improve sulfide SEs, aiming at effectively suppressing parasitic reactions
while achieving superionic conductivity and maintaining low electronic
conductivity. Fan et al. prepared a LiF-rich SEI by infiltrating a highly
concentrated LiFSI/DME solution into LigPS4, thereby mitigating
lithium dendrite growth and adverse side reactions [81].

Halide SEs, in particular those with the formula Li-M X (where X
represents I, Br, Cl, F, and M stands for a metal), have recently garnered
attention due to their unique properties, including high oxidation po-
tential (> 3.6 V vs. Li*/Li, see Fig. 3) and moderate ionic conductivity
(Gion ~ 1.0 mS cm 1) [82,83]. Despite their improved air stability
compared to sulfide electrolytes, halide SEs still face challenges,
particularly irreversible hydration reactions in humid environments.
These reactions lead to the formation of hydrates such as MCls-xH20 and
LiCl-xH,0, which can further convert into M,O3 and corrosive HCI, thus
significantly reducing ionic conductivity. To address these issues, anion
regulation serves as a critical strategy. Because of the high electroneg-
ativity of fluoride ions, their high formation potential (2.87 V vs. Li*/
Li), and small ionic radius, fluorides exhibit the widest electrochemical
stability window or, in other words, the best oxidation stability among
various halide SEs. Simultaneously, their low hydrophilicity also im-
parts them with superior air stability. Adjusting the valence state and
ionic radius of the central metal species has also been identified as a
promising approach to enhance the air and moisture resistance of halide
SEs [84]. Based on first-principles calculations, Zhu et al. demonstrated
that ternary sodium chlorides containing lanthanide ions (Tm>*, Er®*,
Ho®>*, Tb%*, etc.) exhibit good moisture stability. Lithium (ternary)
chlorides containing trivalent metal ions (In®", Ga®*) and transition
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Fig. 3. Comparison of electrochemical stability windows of various types of
SEs [72-74].

metal ions (Cd2+, Zn2+) also possess favorable moisture stability, with
LisInClg exhibiting high resistance, consistent with experimental reports
of its exceptional humidity tolerance [84]. Furthermore, structural
tailoring and surface coating have been validated as reliable methods for
improving the air stability of halide SEs. Li et al. found that
LisY; xIngClg (x > 0.5) can maintain a room-temperature ionic con-
ductivity of up to 1.05 mS cm ! even after exposure to 3-5% humid air,
which is primarily attributed to the preferential formation of the hy-
drated, intermediate phase, Li3(Y; xIng)Clg xH20 [85]. Additionally,
Wang et al. successfully enhanced the moisture resistance of LigInClg by
applying an Al;O3 protective surface layer via atomic layer deposition,
which only led to a slight decrease in ionic conductivity [86].

In addition to conventional SEs, emerging materials such as nitrides,
anti-perovskites, and hydrides exhibit low densities and good interfacial
stabilities. Nitride SEs, including lithium nitrides (e.g., a/f-Li3N),
LiPON, lithium nitrogen halides (e.g., LigN2Cls), and lithium nitrogen
sulfides, may possess reasonably high ionic conductivities (e.g., f-LisN
with 6o = 0.21 mS ecm ! at room temperature) enabled by defect en-
gineering [87]. For instance, in a-LisN with a hexagonal lattice, Li*
rapidly diffuses via vacancies between LioN layers, while 5-LigN relies on
vacancies at the Li(4f) sites to reduce diffusion barriers [88,89]. LigN,Cl3
further enhances the room-temperature conductivity (0.043 mS cm B)

through synergistic effects of high-concentration Li, N, and Cl vacancies
[90]. These materials form stable decomposition phases (e.g., LisN/
LigP) upon contact with lithium metal, effectively suppressing side re-
actions and reducing interfacial impedance, thereby improving cycling
stability and safety. Notably, their synthesis methods (e.g., ball milling
and thermal treatment) align closely with sulfide/halide SE protocols,
enabling cross-system optimization strategies.

Anti-perovskite SEs (e.g., Li3OCl), with their tailorable ion transport
channels and good interfacial stability with lithium metal, are becoming
attractive for use in SSBs. However, they still face intrinsic limitations.
Most reported anti-perovskite SEs exhibit extreme moisture sensitivity,
readily decomposing into proton-rich compounds or hydrates that may
introduce unfavorable protonic and/or electronic conduction. The
decomposition phases between anti-perovskite SEs and lithium metal
remain poorly characterized, significantly limiting understanding of
stabilization mechanisms at the anode interface. Furthermore, anti-
perovskite SEs typically possess high hardness but low ductility, mak-
ing them prone to loss of ionic and electronic conduction pathways
following electrode volume changes during cycling. Addressing these
challenges requires (i) fundamental investigations into conduction
mechanisms within anti-perovskite SEs, (ii) detailed characterization of
SE|anode interfaces, and (iii) systematic studies on their structural
integrity during cycling [74].

Hydride electrolytes, exemplified by LiBHy4, demonstrate high ionic
conductivity (>1.0 mS cm 1) in the high-temperature phase (HT-LiBH,,
> 120 °C) but suffer from poor conductivity (~10 3mS cm 1) in the
low-temperature phase (LT-LiBHy4) [91]. While their low density (0.67 g
cm 3) offers potential for the development of high-energy—density bat-
teries, critical drawbacks persist: (i) limited oxidation stability (< 2.8 V
vs. LiT/Li) caused by the presence of H anions hinders compatibility
with high-voltage cathodes, (ii) difficulties in modifying complex
anionic species (e.g., BHy) restrict conventional doping strategies, and
(iii) temperature-dependent conduction mechanisms limit practical
applicability. Recent studies have shown that mechanochemical
compositing with oxides helps improve electrochemical stability,
though interfacial dynamics remain unresolved [92]. Collectively, while
sulfide/halide systems clearly outperform these rather “exotic” SEs,
their distinct structural features and transport mechanisms open new
dimensions for fundamental research and technological innovation in
SSBs.

Polymer SEs

In contrast to inorganic SEs, polymer SEs offer notable advantages
such as high flexibility, good interfacial contact, and superior process-
ability. Particularly, the high adhesion of polymer SEs helps accom-
modate the volume changes of electrodes during charge and discharge.
This attribute not only improves the stability of the electrode|electrolyte
interface but also reduces the resistance associated with interfacial
charge transfer [93-95].

Polymer-type SEs are composed of a polymer matrix such as poly-
ethers, polysiloxanes, or polycarbonates combined with alkali metal
salts [96,97]. Polyether SEs feature electron-donating ether oxygen
(-C-O-C-) functionalities, which enhance their compatibility with
lithium metal in terms of electrochemical properties [98]. Prominent
polymers in this category include polyethylene oxide (PEO) and poly
(ethylene glycol) methacrylate (PEGMA). PEO is notable for its ease of
film formation, good compatibility with lithium metal, and high
chemical stability, making it a widely studied polymer SE [99]. On the
other hand, PEGMA exhibits a gel-like consistency and shows favorable
ionic conductivity (0.01 mS cm 1) at room temperature. Although
PEGMA’s ability to form films is limited and lacks mechanical strength,
it is beneficial in producing polymer SEs through in situ solidification
within porous membranes [100].

Polysiloxane SEs are characterized by high thermal stability, low
toxicity, and environmental friendliness. However, their practical



applications are restricted by poor mechanical strength, attributed to a
low glass transition temperature (from 60 to 120 °C) [101]. To
enhance the mechanical strength of polysiloxane SEs, certain functional
groups can be introduced using chemical modification methods such as
grafting, cross-linking, or copolymerization, taking advantage of the
reactivity of Si—-H and C—=C bonds [102]. Walkowiak et al. synthesized a
novel lithium-ion carrier polymer through a hydrosilylation reaction
using the hydrogen atoms of polysiloxane and the double bonds of
vinyltris(2-methoxyethoxy)silane as “catalysts”. Employing LiPFg as
lithium salt, this electrolyte forms efficient ion transport pathways along
the backbone of the polymer chain. When the molar ratio of polymer-to-
lithium salt reaches 40:1, its ionic conductivity at room temperature can
reach 1.12mS cm ! [103].

Polycarbonate SEs, including polypropylene carbonate and poly-
ethylene carbonate, feature carbonyl groups that bind with lithium ions.
Compared to the ethylene oxide groups in PEO, the coordination of
carbonyl and carbonate groups with lithium ions is weaker, resulting in
higher mobility [104]. The uniqueness of polycarbonates lies in their
amorphous nature and flexible segments, containing polar carbonate
groups and, thus, possessing high dielectric constant. This structure
endows polycarbonate-based SEs with significant advantages in terms of
electrochemical and thermal stabilities. Chai et al. successfully obtained
a poly(vinylene carbonate)-based SE with good performance through in
situ polymerization of vinylene carbonate (VC) induced by lithium
difluoro(oxalate)borate (LiDFOB). Goodenough et al. reported a cross-
linked polyethylene glycol methyl ether acrylate (CPMEA) as electro-
lyte, wherein the polyacrylate provides a stable 3D framework, while the
low-polymerized ethylene oxide attached to the framework can move
freely, thereby facilitating lithium transfer. This SE achieves an ionic
conductivity of 0.1 mS cm L at 60 °C [105].

Overall, polymeric SEs can establish improved physical contact with
the AAMs and enhance the chemo-mechanical stability at the AAM|SE
interface due to their superior flexibility and ease of processing. How-
ever, the utilization of polymer SEs is constrained by inherent issues
such as poor lithium ion transference number (¢ ~ 0.2-0.3), relatively
low conductivity, insufficient electrochemical stability, and limited
mechanical stability [low shear modulus (1-10 GPa)]. Note that these
problems can be resolved by transitioning from polymeric to inorganic
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SE. These two types of electrolytes have complementary properties.
Therefore, based on the characteristics of the electrode active materials,
it is of paramount importance to carefully select or design suitable
(composite) SEs to construct stable interfaces for high-performance
SSBs. Figs. 3 and 4 provide an overview of the properties of various SEs.

Effect of various SEs on anode

The performance of SSB anodes is greatly influenced by the inherent
characteristics of the SE and its compatibility with the AAM [106,107].
First, these two factors are strongly correlated with the occurrence of
electrochemical and/or chemical side reactions at the interface [108].
To be specific, sulfide and halide SEs are particularly prone to under-
going decomposition because of their unfavorable reduction potentials
(e.g., LigPSsCl yields LipS, LisP, and LiCl, thus increasing interfacial
resistance), although the composition of byproducts varies significantly.
During this process, the sulfides generate interfacial byproducts that
have the property of being electronically insulating [109]. This means,
they are capable of forming a “stable” SEI, which effectively prevents
additional interfacial reactions [110]. In contrast, decomposition
products from halide SEs may exhibit some electronic conductivity,
potentially exacerbating side reactions and degrading battery perfor-
mance (e.g., Li3sInClg undergoes electrochemical reduction at low po-
tentials, generating indium metal and LiCl) [111]. It is worth noting that
oxide SEs such as LLZO, with an electrochemical stability window of
about 0.05-3.2 V vs. Li/Li (see F ig. 3), usually exhibit better chemical
and electrochemical stability, which reduces the likelihood of reductive
decomposition at the interface [112,113]. Unfortunately, they are prone
to reaction with humid air leading to the formation of LiOH and Li»COs,
which degrade the interfacial compatibility woith AAMs.

Furthermore, unlike liquid counterparts, SEs are usually unable to
infiltrate the AAM (of note, the same holds for proper surface wetting)
due to their intrinsic mechanical rigidity. This typically results in a
point-to-point particle contact mode between SEs and AAMs, limiting
charge-carrier transport across the interface. Importantly, during bat-
tery operation, structural (volume) changes of the AAM induce loss of
physical contact with the SE, leading to electro-chemo-mechanical
degradation. This in turn results in the formation of electrochemically
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Fig. 4. Comparison of the main characteristics of state-of-the-art SEs [83].



inactive (spatial) regions at the interface and significant impedance
buildup. In this regard, oxide SEs having the greatest hardness face
major difficulties in accommodating volume changes of AAMs upon
repeated de-/lithiation [33]. Conversely, sulfide and polymer SEs
possess more favorable characteristics (having a low Young’s modulus),
which can somewhat mitigate this issue and enable improved physical
interaction with AAMs [114]. Based on the above discussion, it is clear
that ensuring robust physical contact between the SE and the AAM is
essential for maintaining fast (interfacial) transport in SSBs. Large-scale
application of halide SEs is limited by their intrinsic cathodic instability.
This challenge can be addressed through synergistic optimization stra-
tegies combining lattice engineering, interface passivation, and com-
posite design to enhance interfacial stability and cyclability. However,
this increases battery cost and reduces energy density, hence diminish-
ing the potential of halide SEs for extensive implementation [115].
Therefore, in developing advanced anodes for SSBs, it is essential to
thoroughly analyze the properties of SEs and AAMs across various as-
pects, including ionic conductivity, ion-storage capacity, electro-/
chemical stability, material density, cost, and mechanical properties.

Overall, high-performance (composite) anodes can be constructed by
matching suitable AAMs with specific SEs, combined with material
optimization techniques such as coating, doping, surface modification,
and compositing. In the following chapters, we will sequentially intro-
duce the design of promising anode structures and components based on
lithium metal, carbon, and alloy-type AAMs.

Lithium metal anode

The intrinsic properties of lithium metal make it attractive for
application as a next-generation anode [73,116-118]. However, its
practical implementation in SSBs faces multiple challenges. Firstly,
superionic SEs, with their higher mechanical rigidity compared to liquid
counterparts, can partially inhibit the growth of dendrites. However, the
grain boundaries provide pathways for dendrite propagation, emerging
as a key factor responsible for short circuiting and SSB failure. Secondly,
the chemical incompatibility between lithium metal and the majority of
inorganic SEs leads to continuous formation of interfacial byproducts,
negatively affecting ion transport. Furthermore, the volume changes
induced by lithium deposition/stripping during cycling create me-
chanical stress mismatches with the rigid structure of SEs, resulting in
interfacial contact failure [119,120]. These coupled effects pose
fundamental challenges to the long-term stability and safety of lithium
metal anodes, constituting critical bottlenecks that must be overcome
for the industrialization of SSBs. Nevertheless, leveraging the rigidity of
SEs to inhibit dendrite growth is expected to enable widespread appli-
cation of lithium metal anodes in SSBs, which will significantly boost the
energy density [121].

Recent studies revealed that the nucleation and growth of lithium
dendrites still exist in the solid-state environment, occurring not only at
the anode side but also forming between SE grains, albeit not as severe as
in the liquid counterpart [122,123]. This potentially causes micro-short
circuiting or even complete short circuiting [124,125]. The dendrite
problem in SSBs is primarily caused by the point-to-point contact mode
of electrochemically active materials [126,127]. This type of contact
leads to an uneven distribution of charge carriers at the interface,
resulting in excessive localized ion concentration and the nucleation and
growth of lithium dendrites [128,129]. Of note, this problem becomes
more serious due to the large volume changes of the lithium metal anode
during battery operation and the poor wettability of the SE [130]. While
applying external pressure in SSBs can ensure adequate contact between
the lithium metal and the SE, excessive pressure may induce lithium
deformation and penetration into the electrolyte, ultimately degrading
battery performance. Zhao et al. proposed a strategy to address this
challenge by incorporating 3 at.% magnesium (Mg) into lithium,
thereby altering its strain-hardening behavior [131]. The Li-Mg alloy
anode demonstrates the ability to withstand high fabrication pressures

(50-65 MPa) without electrolyte penetration. Symmetrical cells with Li-
Mg electrodes exhibited a critical current density 200 % higher than that
of lithium metal electrodes. Furthermore, LePage et al. elucidated the
general relationship between strain rate and current density, revealing
that power-law creep dominates as the primary deformation mechanism
across a wide range of battery-relevant conditions [132]. This work
bridges the battery and mechanics communities in an innovative
manner, providing a foundational framework for understanding coupled
electro-chemo-mechanical phenomena in lithium-based systems [133].
Additionally, due to the highly reactive nature of lithium metal, severe
interfacial side reactions occur between the SE and the anode during
cycling. These reactions not only lead to the loss of electrochemically
active material and the emergence of dendrites but also result in a sharp
increase in interfacial impedance, ultimately causing rapid battery
degradation. For instance, LigPSsCl has attracted significant attention
due to its room-temperature ionic conductivity exceeding 1 mS cm !
and excellent processability. However, it suffers from a narrow elec-
trochemical stability window and forms an unfavorable SEI on the
lithium metal anode (high interfacial resistance). Notably, Leonie et al.
proposed an innovative organic additive approach by incorporating
prelithiated trithiocyanuric acid into LigPSsCl. This modification effec-
tively mitigates electrolyte decomposition, eventually leading to a more
stable anode interface [134]. Furthermore, the “hostless” nature of
lithium metal anodes allows quasi “unlimited” volume changes, leading
to poor contact with SEs, high interfacial impedance, and significant
voltage hysteresis during operation [135]. These factors collectively
promote lithium dendrite growth and simultaneously contribute to the
formation of numerous electrochemically inactive regions and dead
zones, thus resulting in rapid capacity fade in SSBs. In situ scanning
electron microscopy (SEM) studies have shown that volume changes can
create gaps between LisPS; and LigPSsCl SEs and lithium metal,
increasing resistance and creating “hotspots” for dendrite growth [136].
Likewise, discontinuous contact between lithium metal and SEs results
in lithium deposition solely at the contact points, which then also
become “hotspots” for dendrite growth. In addition, the random distri-
bution of side products within the mixed conducting layer leads to
varying ionic conductivities, further exacerbating the uneven concen-
tration of Li" at the anode surface and accelerating dendrite growth. The
combination of these factors often results in poor cyclability of lithium
metal anodes, being a core challenge to be addressed in the SSB field
(Fig. 5).

Protective coatings

Applying a protective coating to the surface of lithium metal serves
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Fig. 5. Challenges faced by the lithium metal anode in SSBs.



as an efficient and straightforward approach to tackle the challenges
faced by such anodes in SSBs [137-139]. The purpose of this is to form a
robust layer on the surface, isolating it from physical (electronic but not
ionic) contact with the SE, thereby inhibiting unwanted electro-/
chemical reactions [140-142]. In general, the protective layer should
allow for fast ion transport to ensure uniform lithium flux and prevent

bare Li

dendrite initiation. Simultaneously, it must demonstrate mechanical
strength and flexibility, enabling stress endurance during dendrite
propagation while accommodating the dynamic volume changes of
lithium metal during cycling. Furthermore, an ideal protective layer
requires chemically inert interfaces with both lithium metal and SE to
avoid generating unstable interphases through parasitic side reactions
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(e) Ilustration of synthesis procedures for nanostructured Li»Se on lithium metal
after 50 cycles at 0.1 mA cm ™2

by CVD, cross-sectional SEM images of lithium metal and Li/Li,Se cells before and

, and scheme of the charge distribution at the interface. Reproduced from ref. [151]. Copyright 2021, with permission from Wiley-VCH.



(interfacial impedance buildup) [143-145].

Lee et al. employed a solution method to synthesize an interlayer
(IILPS) comprising a LizS-P2Ss (LPS) glass—ceramic matrix, an In/InLi
alloy, and Lil (Fig. 6a) [146]. This interlayer serves to stabilize the
lithium metal anode by protecting it from interfacial instability. The
resulting seamless interface between lithium and LPS, coupled with the
chemical compatibility of the interlayer with the SE, allows for intimate
contact within the anode structure. The lithium transport facilitated by
the IILPS ensures even deposition of lithium beneath the interlayer. The
key to advancing the development of lithium metal in SSBs lies in
achieving stable performance through simple processing methods. Wang
etal. utilized lithium foil as anode and treated it with an organic solution
containing SbFs3 using a spraying technique, thereby generating an
artificial LiF/LisSb SEI. The study revealed that lithium preferentially
deposits in the gaps between the LiF/LisSb particles, gradually covering
the interfacial layer and forming a uniform (dense) layer on the surface.
This process effectively enhances the stability of the lithium |SE interface
and mitigates dendrite formation and the risk of short-circuiting [147].
Passerini and colleagues coated lithium metal with a thin layer of poly
[2,3-bis(2,2,6,6-tetramethylpiperidine-N-oxycarbonyl)norbornene]
(PTNB) using a simple dip-coating method, together with a high con-
centration of lithium in an ionic liquid electrolyte (0.4LiFSI-
0.6Pyr14FSI), to prevent direct contact between Li; ;xAlyTis x(PO4)3 and
lithium [148]. PTNB aids in the uniform distribution of lithium ions,
thus impeding the formation of dendrites (Fig. 6b). Without the PTNB
coating, the lithium stripping/plating lifespan concludes after 128 h.
However, using PTNB@LI, it can be extended to ~800 h of dendrite-free
operation. Nevertheless, unlike the dip-coating method, in situ formed
coatings provide more uniform and complete coverage, further
enhancing the lifetime of SSBs. For instance, Liang et al. demonstrated
that the Li,SiSy layer formed in situ on the surface of lithium metal sta-
bilizes the Li|LigPS, interface (Fig. 6¢) [149]. Remarkably, this layer also
shows high stability in air. The components of the Li,SiSy layer, i.e.,
LizSiS3 and LisSiS4, facilitate ion transport, while the Li;S in direct
contact with the lithium prevents interfacial side reactions. Tests
revealed that symmetric cells with Li,SiSy-coated lithium anodes
maintain stable performance for over 2000 h. Gao et al. utilized a
nanocomposite comprising organic elastomer salts (LiO-(CH20),-Li)
and inorganic nanoparticle salts (LiF, -NSOy-Li, Li;O) [150]. They
achieved lithium deposition for more than 3000 h and demonstrated a
good cycle life of Li|LijoGeP2S12|TiS2 cells, while bare samples showed
less than 500 h of stable lithium deposition (Fig. 6d).

At the same time, regulating the structure of the coating is also
crucial to improving the performance of SSBs. Park et al. successfully
grew nanostructured LisSe (epitaxially) as a protective layer onto the
surface of lithium metal by chemical vapor deposition (CVD) [151]. By
controlling the reaction time and cooling rate, the morphology of Li»Se
could be manipulated to produce nanoparticles, nanorods, or nanowalls
with different orientations, aligning the (220) plane parallel to the (110)
plane of the lithium substrate (Fig. 6e). This process established robust
chemical bonds between the LisSe layer and the lithium metal, ensuring
a proper physical interface with the LigPSsCl SE. This demonstrates that
the two materials are compatible with the as-constructed LisSe, which
helps effectively mitigate undesired side reactions and further facilitates
uniform charge transfer across the interface during cycling, eventually
leading to significant improvements in battery performance and
stability.

Structural engineering

Designing advanced micro-/nanostructures for lithium metal can
reduce the local current density and provide abundant nucleation sites,
both of which helps suppress the growth of lithium dendrites [152]. This
kind of strategy can lead to enhanced cycling stability, safety, and per-
formance of the lithium metal anode, providing strong support for the
development of high-performance SSBs [153].

Constructing 3D anodes has proven to be the most effective strategy
for addressing the dendrite issue in liquid electrolyte based batteries.
However, the rigid nature of inorganic SEs limits solid-solid ionic con-
tact at the interface. Duan et al. utilized a spontaneous chemical reaction
between halides and lithium metal to in situ form a 3D anode. The
formed alloy acts as a lithiophilic matrix, reducing the nucleation
overpotential of lithium and promoting uniform nucleation and depo-
sition [154]. Han and colleagues employed a hot-pressing method to
fabricate a lithium metal anode containing a 3D carbon skeleton/copper
collector (CP/Cu) [155]. The LiCy layer that naturally forms on the
surface of the CP skeleton provides numerous sites and reduces the
overpotential for lithium nucleation, thereby promoting dense deposi-
tion (Fig. 7a). Moreover, the high surface area of the conductive CP
skeleton helps lower the local current density and therefore the likeli-
hood of dendrite growth, thus restraining volume fluctuations in the
anode.

Efforts to prevent the formation of lithium dendrites using simple
techniques have consistently been a goal. Yang et al. devised a method to
deposit lithium in a targeted manner [156]. They divided the anode into
numerous square pieces with deep grooves (Fig. 7b). The high current
density within these grooves causes lithium to selectively deposit in
them rather than on the surface, thereby preventing the formation of
dendrites during the plating/stripping process. Metal-organic frame-
works (MOFs) have garnered significant attention in the field of energy
storage due to their design flexibility, distinct physicochemical charac-
teristics, and broad range of potential use [157]. Wang et al. proposed
employing a carbonized MOF (Co-MOF) nanorod array modified carbon
cloth (NRA-CC) as support structure [158]. The Co-MOF generates co-
balt and nitrogen atoms during the carbonization process, which effec-
tively converts the lithiophobicity of carbon materials into
lithiophilicity, enhancing the deposition process. Concurrently, dendrite
growth is effectively suppressed by minimizing the local current density
and restricting volume variations within the 3D porous network struc-
ture. In addition, they also devised a 3D anode produced using a melt-
infusion strategy. In conventional 2D lithium foil, the Li* flux concen-
trates at the protuberance tips, leading to the appearance of dendrites
and inactive lithium. Conversely, when it comes to 3D anodes, lithium
tends to form and spread onto the surface of the 3D framework. This
promotes uniform distribution of ions throughout the structure, which
in turn helps prevent the formation of dendrites [159].

Composites

Functional inorganic materials provide multidimensional solutions
for performance optimization in mitigating the growth of lithium den-
drites through their unique physicochemical properties. Serving as ad-
ditives, these materials establish three-dimensional conductive
networks in lithium metal composite anodes to enhance charge transfer
while inducing uniform lithium deposition via chemical modulation of
surface functional groups, effectively mitigating local electric field dis-
tortions. Furthermore, their interfacial modification capabilities
dynamically regulate the electrode surface chemistry, forming ionically
conductive and mechanically stable (adaptive) interfacial layers during
cycling [108]. Chen et al. designed a composite anode for SSBs by
combining molten lithium with 1D TiO5 nanofibers [160]. The surface
tension of the lithium metal was significantly reduced, greatly
improving interfacial contact with the LigsLasZry sTags012 SE and
facilitating lithium plating and stripping. g-C3N4 possesses a layered
structure similar to graphite with abundant amino and Lewis basic
groups, as well as a high nitrogen content, which contributes to
achieving efficient charge transfer. Hang et al. incorporated g-C3N4 into
lithium metal, resulting in a substantial increase in viscosity at the
interface [52]. This enhancement effectively prevented dendrite for-
mation. Li-C3Ny4|garnet SE|Li-C3Ny4 cells exhibited good performance,
with an extremely low interfacial resistance of 11 Q cm? and a high
critical current density of 1500 pA cm 2. In contrast, the same cell
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configuration using the original lithium metal revealed a much larger
interfacial resistance of 428 Q cm? and a lower critical current density of
50 pA cm 2 Wen et al. used MXene as an additive to prepare Li-MXene
composites [161]. The interaction between molten lithium and the
fluorinated functional groups present on the MXene resulted in the
formation of an insulating LiF layer at the Li-MXene|garnet interface,
which inhibits the formation of dendritic lithium. In addition, the
presence of rich surface functional groups (-OH or -F) provides the Li-
MXene composite anode with a very high capacity (Fig. 7c).

Anode-less design

Anode-less designs eliminate the use of AAMs, maximizing the en-
ergy density at the cell level [162-164]. Ideally, during the initial
charge, lithium ions are released from the cathode and evenly deposited
on the counter electrode. In the subsequent discharge, the ions return to
the cathode host, achieving 100 % utilization of lithium and resulting in
substantial cost reduction [165]. However, without a stable host mate-
rial at the anode side, irreversible losses due to the formation of “dead”
lithium and/or side reactions with the SE during cycling directly cause
the battery capacity to fade [30]. Moreover, during lithium deposition
and stripping, the volume variations of the anode can lead to significant
internal stress changes, potentially damaging the structure of the SE
[166]. To improve the reversibility of anode-less SSBs, it is necessary to
inhibit detrimental electro-/chemical reactions and facilitate the for-
mation of a favorable deposition structure on the current collector (CC).
This will ensure a well-formed (conformal) interface with the SE. Cur-
rent strategies to enhance cyclability mainly focus on SE and interface

design, as well as on CC modification [121,167,168].

Constructing functionalized CCs that enable uniform and stable
deposition and extraction of lithium ions is an effective modification
strategy for anode-less SSBs. Wen et al. coated a layer of Ag nano-
particles onto Cu foil, followed by further covering with a lithiated
polyacrylic acid polymer, thereby achieving intimate interfacial contact
between SE and Cu [169]. Despite some progress made, the issue of
volume expansion remains a significant challenge. Kim et al. employed
titanium nitride nanotubes (NTs) and a silver-carbon interlayer to alle-
viate the stress induced by the repeated formation of lithium deposition
layers on Cu foils during cycling [170]. The mixed conducting nature of
the titanium nitride NTs helps accommodate the diffusion creep of
reduced lithium into the free volume, enabling quasi strain-free opera-
tion and offering nearly a tenfold improvement in controlling volume
expansion compared to conventional Cu anodes during lithiation.
Moreover, the Ag-C interlayer guides the lithium deposition, maintain-
ing a uniform thickness and playing a pivotal role in dendrite suppres-
sion and volume stability (Fig. 8a). While notable advances have been
made, challenges related to low CE and extensive dendrite growth
remain unresolved. Lee et al. employed an Ag-C nanocomposite layer as
anode, where the solubility of Ag in Li reduces the nucleation energy,
ultimately facilitating uniform deposition on the CC [40]. Simulta-
neously, the carbon serves as a separator, isolating the SE from the
lithium metal. By utilizing a layered Ni-rich oxide cathode and a silver-
germanium sulfide SE, SSBs with an energy density exceeding 900 Wh
L !and with a long cycle life (1000 cycles) could be realized (Fig. 8b).

Although these studies indicate improvements in battery perfor-
mance, the understanding of how interfacial layers affect the evolution
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of anode-less SSBs remains insufficient. Sandoval et al. investigated the
structure and electrochemical evolution of silver and gold alloy in-
terlayers in sulfide (LigPSsCl) SSBs “without” anode [171]. They found
that these materials enable uniform lithium deposition/stripping and
mitigate contact loss at the end of stripping through responsive current
homogenization. Compared to bare Cu, both alloy layers significantly
enhanced the cycling stability and CE. Jun et al. systematically studied
and explained the behavior of lithium alloying in anode-free SSBs, based
on the different alloying kinetics and the diffusion rates of lithium in the
alloy phase [172]. They demonstrated the critical importance of the
thermodynamic and kinetic properties of lithium alloy formation in
controlling lithium deposition behavior in SSBs. Lee et al. evaluated
various metal fluorides and found that the lithium plating kinetics and
behavior are largely influenced by the Li-M reaction mechanism [173].
Through comparative analysis of various metal fluorides, AgF was
identified as the most suitable (conversion reaction) choice. Various
strategies have been reported to control the uniformity (morphology)
and density of electrodeposited alkali metal films. However, their
microstructure remains unclear, and suitable characterization methods
have yet to be established. Fuchs et al. used focused ion beam (FIB)
milling and polishing techniques under inert gas or high vacuum and
low-temperature conditions, along with a high-sensitivity electron
backscatter diffraction system, to reveal the electrochemical growth of
large metal grains for the first time (Fig. 8c) [174]. This opens up new
avenues for subsequent research on the relationship between the elec-
trochemical performance of alkali metal anodes and their microstruc-
ture. Furthermore, the reversibility is compromised by the inability of
conventional Al foil to meet the requirement of intimate interfacial
contact. To improve upon the contact between SE and CC, Deysher et al.
pressed granular Al onto the SE during cell manufacturing, resulting in
an Al particle-decorated CC [175]. Unlike pristine Al foil, the granular
CC generates a more uniform and intimate interface with the SE, which
helps significantly increase the critical current density.

Conclusion

Despite lithium metal anodes being considered ideal candidates due
to their high theoretical specific capacity, the uncontrolled growth of
dendrites remains a critical challenge, posing risks of SE separator
penetration and short circuiting. Moreover, dynamic interfacial evolu-
tion during cycling leads to progressive contact degradation and
increased interfacial impedance [114]. While recent modification stra-
tegies have achieved partial success in mitigating these issues, realizing
long-term stability under practical operating conditions still demands
integrated innovations in both material design and interface engineer-
ing. In contrast, carbon-based anodes offer more pragmatic engineering
advantages (as discussed in the next section). These materials benefit
from decades of industrial application in conventional liquid-electrolyte
systems, with well-established manufacturing processes and clear cost-
effectiveness. Their intrinsic layered or disordered structures allow for
stable lithium intercalation/insertion and effectively buffer volume
changes through engineered porosity, resulting in excellent cycling
stability. Notably, carbonaceous materials exhibit superior physical
compatibility with state-of-the-art SEs, significantly reducing interfacial
side reactions compared to lithium metal [176]. Collectively, these
features position carbon-based anodes as a more viable transitional so-
lution for advancing SSBs from laboratory research to industrial-scale
application.

Carbon-based anode active materials

Carbon-based components occupy an important position among
AAMs because they possess high electronic conductivity, stable chemical
properties, and are cost-effective [177,178]. Carbon-based AAMs in
SSBs provide distinct benefits compared to lithium metal and alloy-type
anodes when dealing with issues such as electro-/chemical side

reactions, dendrite formation, and chemo-mechanical degradation at
the interface [179]. For instance, graphite, which is commonly used as
an anode in industrial applications, demonstrates high structural sta-
bility [28]. It experiences a volume expansion of less than 10 % during
the lithiation process, which helps maintain the integrity of the anode
structure [53]. In contrast, lithium metal and alloy AAMs undergo very
large variations in volume, such as the expansion of Si by up to ~300 %
[180]. This can cause them to physically detach from the SE, resulting in
a decline in battery performance. Moreover, they tend to undergo un-
favorable electro-/chemical reactions with SEs due to their high reac-
tivity, leading to poor stability at the AAM|SE interface and loss of
electrochemically active material. On the other hand, compared to
lithium metal and alloy anodes, graphite has a lower surface energy,
facilitating the formation of a stable SEI when exposed to SEs. This in
turn decreases the likelihood of interfacial side reactions [181]. It is
worth mentioning that graphite possesses excellent mechanical and
tensile strength, high corrosion resistance, and a reasonably large spe-
cific surface area. These properties are advantageous for improving the
cyclability of SSBs. Overall, carbon-based AAMs usually outperform
lithium metal and alloy anodes in terms of structural and electro-
chemical stability, but they still face interfacial issues that affect the
electrochemical performance in solid-state environments. Importantly,
the inherently low theoretical specific capacity (graphite: 372 mAh g 1)
and relatively poor rate performance of these materials are significant
obstacles that prevent SSBs from addressing the market needs for high
energy and power devices [182].

Protective coatings

The application of a coating typically serves to avoid direct contact
between the SE and the AAM. This has the effect of reducing the
occurrence of side reactions, lowering interfacial resistance, and
enhancing the rate performance and energy density of carbon-based
AAMs [183,184]. Yang et al. developed a straightforward coating
method that utilizes Lil to form a protective layer on the graphite surface
[185]. The coated graphite delivered a higher specific discharge ca-
pacity (348 mAh g 1) at 0.05C rate than the uncoated counterpart (248
mAh g ). Electrochemical impedance spectroscopy (EIS) and X-ray
absorption spectroscopy (XAS) measurements revealed that the appli-
cation of a Lil coating effectively reduces the interfacial resistance (by
inhibiting the formation of decomposition products from sulfide SEs)
and improves the power density of graphite. Yao and colleagues
designed a composite coating of LiF and prelithiated graphite, placed
between the LigPS5Cl SE and the pristine graphite anode (Fig. 9a) [186].
The co-existence of LiF, C-F bonds, and prelithiated graphite in this
unique coating promotes uniform lithium migration and compensates
for active lithium loss, thereby significantly improving the cycling per-
formance of SSBs.

Composites

Incorporating other materials into carbonaceous hosts is an effective
strategy for designing advanced AAMs for SSBs. These composites can
enhance ionic conductivity, strengthen the interfacial stability with SEs,
and offer extra storage capabilities. However, further research is
necessary to establish simple preparation methods and identify suitable
combinations of carbonaceous materials and additives for realizing
high-performance anodes that fulfill the targeted requirements [187].
Yan et al. developed a stable HC-lithium silicon alloy anode, in which a
plastically deformable 3D ionically-electronically conductive network
composed of lithium-rich phases (Li;5Si4 and LiCg) was formed. This
network expanded the active area and alleviated stress concentration,
ultimately improving the electrode’s kinetics and mechanical stability.
This design enabled long-term cycling under high loading and high
current density while effectively suppressing lithium dendrite growth
(Fig. 9b) [38]. Furthermore, Suzuki and coworkers applied a thin carbon
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black layer to the CC, which effectively prevented battery short circuits
[188]. Li et al. proposed a hybrid anode consisting of a 3D LiCg particle
framework embedded with lithiophilic seeds, achieving uniform lithium
dissolution/deposition [189].

Recent studies show that soft carbon is a viable AAM for SSBs. Soft
carbon features small grains, large lattice spacings, low crystallinity, as
well as a high specific surface area and porosity. Wang et al. designed an
N- and S-doped soft carbon with multiple diffusion channels and
expanded interlayer spacing [190]. Both the increased interlayer
spacing and the heteroatom doping promote ion diffusion (rate capa-
bility), reduce the local current density within the anode, and suppress
the growth of dendritic lithium. Aside from that, SSBs with LiCoOy
(LCO) as cathode active material (CAM) and LigPSsCl as SE were shown
to achieve a high areal capacity of 15 mAh cm 2, a specific energy of 403

Wh kg !, and an excellent cycle life (13000 cycles). In addition, they
prepared a soft carbon|Lig 4LasZry 4Tag 012 interface with a mixed
conductive network and high Li" diffusion coefficient [191]. In this
configuration, the nanoscale SE facilitates ion diffusion across the
interface and prevents dendrite growth.

Structural optimization

Tailoring the morphology and structure of carbonaceous AAMs can
yield some advantages, namely (i) increasing the contact area with SEs,
thereby enhancing the efficiency of ion transport and reaction kinetics;
(ii) reducing volume changes during cycling, thus effectively inhibiting
damage to the anode structure and enhancing interfacial stability; and
(iii) suppressing interfacial side reactions by smart structural design for



ensuring safe and reliable operation of SSBs [193].

Zhang et al. designed a core-shell microstructure of graph-
ite@LigPSsCl with good structural stability and fast kinetics [182]. At
0.3C and 2.4 mAh cm 2, SSBs with LCO cathode and graphite@LigPS5Cl
anode exhibited a high average CE of over 99.9 % and a capacity
retention of ~ 73 % after 650 cycles at 30 °C (Fig. 9c¢). Xing et al. re-
ported a 3D hybrid framework composed of lithiated graphite and
LigPS4 [192]. By evenly depositing additional lithium into the voids
within the framework during battery operation, a 3D graphite-lithium
hybrid anode was realized. Electrodes designed in this way can signifi-
cantly mitigate issues of short-circuiting (Fig. 9d).

CVD is a commonly used technique for growing graphene sheets on
metal substrates. Wei et al. have grown monolayer graphene directly
onto Cu foil through CVD, resulting in a battery of total thickness 50 pm.
This ultrathin battery demonstrates a maximum volumetric energy
density of 10 Wh L ! and a peak power density of 300 W L. ! [194]. To
modulate the micropore properties and suppress unwanted reactions,
Kaskel and coworkers developed carbide-derived carbon of high
microporosity (specific surface area > 1500 m> g 1y [195]. The well-
defined micropores are capable of inhibiting SEI formation at the pore
entrances and within accessible pores. This reduces capacity loss during
the first cycle and ensures long-term stability of lithium deposited within
the pores. Therefore, porous host materials provide new opportunities
for optimizing SSB performance and commercial applications. However,
the existence of micropores also creates electrochemically inactive re-
gions, potentially reducing the volumetric energy density.

Conclusion

While carbonaceous anodes have become a viable option in SSB
development due to their mature processing foundation and stable
cycling performance, the intrinsic energy storage capacity is approach-
ing its theoretical limit. The inherent lithium storage mechanism of
graphite-based materials restricts the capacity enhancement potential,
with even optimized disordered carbon structures struggling to surpass
the 500 mAh g ! threshold. This energy density bottleneck becomes
increasingly prominent in high-end applications, such as electric vehi-
cles and grid-scale storage, driving research interests toward more
promising alloy-based systems, which will be discussed in the following
section. Alloy-type anode active materials, benefiting from multi-
electron reaction mechanisms, offer theoretical specific capacities 2-4
times higher than that of graphite, presenting a viable route to overcome
energy density limitations. Moreover, alloy systems are capable of
confining volumetric changes within reasonable ranges through nano-
structuring [196]. Recent studies have demonstrated that prelithiated
silicon anodes can be cycled stably over 200 cycles, establishing a

Table 2
Properties of different lithium alloys [209].

practical pathway for next-generation SSBs [25].
Alloy-based anode active materials

Alloys based on Si, Sn, or Al as AAMs offer high theoretical specific
capacities stemming from de-/alloying reactions with lithium, poten-
tially significantly enhancing the energy density of SSBs (Table 2)
[197-199]. Importantly, alloys are generally made of abundant mate-
rials, non-toxic, and of great significance for industrial applications in
the field of batteries [200,201]. However, they often undergo large
volumetric and structural variations upon de-/lithiation, which may
lead to anode degradation and/or failure [202,203]. Jeong et al.
investigated the electrochemical alloying and dealloying behavior of
various candidate alloy foil anodes in SSBs using LigPSsCl as SE. They
found that lithium entrapment within the foils during delithiation is the
primary reason for the low CE of most materials, with indium exhibiting
superior CE due to a unique delithiation front evolution, where the
highly diffusive Li-In phase remains at the SE interface [204]. Addi-
tionally, they reported the synthesis of In and Sn foil structures with
bicontinuous porosity, demonstrating that porous In exhibits excellent
electrochemical performance in SSBs [205]. Yanev et al. evaluated the
suitability of Li-In as a counter electrode in sulfide-based SSBs (dual-
electrode half-cell configuration) and proposed an improved
manufacturing scheme to optimize its performance [206]. To elucidate
the correlation between structure and reactivity, Wan et al. employed in
situ electrochemical atomic force microscopy and quantitatively
analyzed the surface area and volume of wrinkled structures, revealing a
“breathing” phenomenon during the cycling behavior of Li-In alloying/
dealloying reactions [207]. Moreover, Lu et al. employed a lithium alloy
anode as a model system to quantify the kinetic evolution and transition
of lithium from alloying reactions to metal deposition in SSBs, identi-
fying carrier transitions from lithium atoms to lithium vacancies during
lithiation [208].

In recent years, Si has garnered significant interest and is widely used
in advanced LIBs with customized liquid electrolytes. There are several
primary factors to take into account: (i) its suitable lithiation potential
(~0.4 V vs. Li/Li), which is lower than that of other alloys and further
helps avoid the risk of lithium plating and dendrite growth; and (ii) its
high theoretical specific capacity (3590 mAh g ! for Lig 75Si), which is
similar to that of lithium metal and about ten times higher than that of
graphite [210,211]. Importantly, in solid-state environments, Si anodes
are expected to provide higher energy density than lithium metal an-
odes. Considering the cost and preparation process, Si anodes have great
potential for application in SSBs [212]. While lithium metal anodes
attract great attention for their ultrahigh capacity, silicon exhibits
unique advantages in SSBs that align more closely with practical

Material Lithiated phase x(Li) Volume expansion Type Electrode potential (V vs. Li*/ Theoretical specific
(s) (%) Li) capacity
(mAhg 1)
Magnesium  LiyMg 0-1.95 0-125 Solid solution 0.03 0-2150
Indium Liln 1 105 Solid solution, Intermetallic 0.62 220
compound
Zinc LisZns 0.4 39 Solid solution, Intermetallic 0.49 164
LiZn, 0.5 49 compound 0.256 205
LisZng 0.67 65 0.249 273
LiZn 1 98 0.157 410
Aluminum LiAl 1 90 Solid solution, Intermetallic 0.38 993
compound
Silicon Liz 75Si 3.75 280 Intermetallic compound 0.4 3590
Tin Lig 4Sn 0.4 22 Intermetallic compound 0.76 90
Lig7Sn 0.7 39 0.66 158
Lis 3380 2.33 129 0.53 527
Lis 6350 2.63 146 0.485 594
Liz sSn 3.5 194 0.42 790
Lig 4Sn 4.4 244 0.38 993




requirements. Although the theoretical specific capacity of silicon is
slightly lower than that of lithium metal, its superior volumetric energy
density plays a more critical role in electrode design [211]. Further-
more, its abundance in the Earth’s crust ensures lower raw material cost
and greater supply chain stability, while mature fabrication techniques
demonstrate higher compatibility with SSB manufacturing processes
[196]. This synergy of material accessibility, process compatibility, and
system-level safety positions silicon anodes as a balanced solution in
terms of performance, cost, and industrial scalability [213]. The present
studies have concentrated on the utilization of structural, interfacial,
and component engineering approaches to improve the electrochemical
performance of alloy-type anodes in SSBs [214]. Ping et al. were the first
to report a 1 pm-thick solid-state silicon anode as a viable alternative to
lithium metal in SSBs. The Si electrode, combined with a garnet SE,
exhibited a high specific discharge capacity of 2685 mAh g ! and an
excellent ICE of ~83 % [196].

Structural engineering

This strategy is often employed to enhance the performance of alloy
anodes, aiming at mitigating issues associated with structural instability
due to large volume changes [215]. The approach involves tailoring the
dimensions of the alloy structures (nanowires or thin films) for con-
trolling the physical contact area with the SE and preparing buffer space
within the material (porous or core-shell structures) to accommodate
the volume expansion/contraction, thereby improving the overall anode
stability and prolonging the lifespan of SSBs [216]. Wan et al. fabricated
a 3D porous zinc layer on the surface of Lig4LasZry 4Tap 012 using
magnetron sputtering. They incorporated lithium metal into the zinc
layer to create a 3D lithium-zinc alloy at the Lig 4LasZr; 4Tag O12|Li
interface. The latter 3D alloy effectively suppressed the volume expan-
sion at the interface between the SE and the lithium metal [217]. Kaskel
and colleagues prepared 2D columnar Si as an anode in SSBs using
LigPSsCl as SE. In this configuration, the SE penetration is limited to the
gaps between the individual Si pillars, with intimate contact only
established at the top surface of each pillar. As a result, the interfacial
contact area is reduced, which helps suppress side reactions and leads to
the formation of a 2D (lateral) SEI. Meanwhile, the area between the Si
pillars can serve as buffer space to mitigate the volume expansion of the
anode. Based on these benefits, SSBs with LiNip 9Cog o5Mng 0502 as CAM
offer a high areal capacity of 3.5 mAh cm 2 and exhibit stable cycling
with a capacity retention of ~ 82 % after 100 cycles [216]. By using
micro-Si as AAM, Meng’s group successfully developed almost pure Si
(99.9 %) anodes (Fig. 10a) [39]. They utilized the passivation effect to
construct a stable Si|LigPSsCl interface, exhibiting promising electro-
chemical performance. Specifically, the cell was found to achieve a ca-
pacity retention of ~ 80 % after 500 cycles and an average CE of > 99.9
%. Subsequently, An et al. discovered that polyvinylidene fluoride can
be substituted with the water-based binder polyacrylic acid, which al-
lows for the development of sustainable and eco-friendly Si anodes for
SSB application [218].

Composites

Combining alloy-based AAMs with other materials is an effective
strategy that may not only mitigate the volumetric expansion during
cycling but also enhance the ionic conductivity of the electrode [219].
Additionally, the inherent mechanical reinforcement of composite ma-
terials further strengthens the structural stability. Zhang etal. embedded
Si nanoparticles into micrometer-sized MOF-derived carbon hosts,
effectively accommodating changes of Si during cycling while providing
sufficient charge transfer pathways [220]. The Si@MOF anode exhibited
good interfacial stability with a composite polymer electrolyte for over
1200 h and achieved a high areal capacity of 3 mAh cm 2 (Fig. 10b).
Ham et al. employed a pre-lithiation strategy to enhance both the ICE
and the conductivity of Si anodes. This pre-lithiation approach resulted

in a 15 % improvement in capacity retention after 1000 cycles compared
to pure Si [221]. Carbonaceous materials are often used as additives due
to their unique mechanical properties [222,223]. Taeseup and col-
leagues reported on the use of Si nanoparticles embedded in carbon
nanofibers (Si/CNF) as anode material for SSBs [224]. Embedding Si
nanoparticles in CNF allows for easy stress relaxation and abundant
electronic pathways. The protective function of the conductive matrix
can reduce resistance in SSBs. Coal tar pitch, a by-product of the coal
industry, possesses excellent properties in the form of mixed conducting,
amorphous carbon generated through pyrolysis. Dunlap et al. prepared a
Si-carbon composite by pyrolyzing coal tar pitch to form an active soft
carbon matrix. The prepared electrode delivered a high capacity and
showed good electrochemical performance [225].

The selection of alloy components, the distribution of alloy phases,
and interface engineering between the composite and the SE are crucial
for enhancing the electrochemical properties. Kim et al. prepared LisPS4
glass + Li-Si alloy and LisN + LiF + Li-Si alloy composites, combining
LisN and LiF to leverage the advantages of both materials for sup-
pressing lithium dendrite growth [226]. Zhang et al. developed a Si/
Li;Sis composite anode, where Liy;Sis particles were uniformly
distributed among the Si particles, serving as a soft buffer layer for Si and
forming a conductive network in the anode, thereby preventing dendrite
formation [227]. Yersak et al. also developed and characterized a Si-Ti-
Ni ternary alloy, achieving high specific capacities [228]. To further
enhance kinetics, Mo et al. introduced liquid gallium (Ga) into a
representative antimony (Sb) anode, which, through in situ generation,
stimulated the lithiation/delithiation activity, achieving excellent rate
capability and cycling performance [229]. Furthermore, establishing
highly percolating transport pathways for electrons and ions in the
anode is crucial for performance enhancements. Yang et al. constructed
a dual-conductive framework by partially dealloying the Li-Mg anode on
a garnet-type SE [230]. Upon delithiation, the alloy transforms into a
lithium-deficient material with a porous framework while retaining
strong interfacial contact with the SE. The presence of residual lithium in
the alloy allows the skeleton to serve as pathways for both ions and
electrons. Superior to previous surface treatment methods, even when a
large quantity of lithium is stripped, the dual-conductive solid frame-
work can serve as an effective host without interfacial degradation or
volume collapse. In addition, He et al. doped strontium (Sr) into the
lithium anode, creating a bifunctional layer having lithiophilic and
lithium-repelling characteristics by enriching Li-Sr/SrO-doped LiO at
the interface [231]. This approach differs from previous methods that
formed lithiophilic interlayers using metal/metal oxide coatings on
garnet or alloy-type anodes. The optimized Li-Sr|garnet|Li-Sr cell ach-
ieved a critical current density of 1.3 mA cm 2 and successfully cycled
for 1000 times at 0.5 mA cm 2.

Electrocatalysis is typically limited to dynamic liquid-solid and
gas-solid interfaces and is rarely applicable to solid-state reactions.
Zhou et al. used heteroatom doping, specifically boron in silicon and
sulfur in phosphorus, to catalyze the electrochemical lithiation reactions
in SSB materials, significantly improving the rate performance of boron-
doped silicon and sulfur-doped black/red phosphorus anodes [232].
Among them, the red phosphorus exhibits unique advantages. It not only
has a high theoretical specific capacity (2596 mAh g 1) but also sig-
nificant natural abundance (0.118 %) and a relatively high working
potential (~0.97 V vs. Li*/Li). However, stable cycling of red
phosphorus-based anodes in sulfide SSBs has yet to be achieved. Tang
and colleagues loaded sub-nanometer red phosphorus clusters into the
micropores of activated carbon [233]. Due to the moderate lithiation
potential and fast ion diffusion, this composite anode can sustain high
current densities without forming lithium dendrites in symmetrical cells.

In fact, most sulfide-based SSBs use Li-In alloys as AAM. However,
the effect of different lithium concentrations in these alloy anodes on the
electrochemical performance remains unclear, and the reaction kinetics
between Li and In have not yet been studied in detail. Wang et al. sys-
tematically investigated the effect of different lithium concentrations in
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Li-In alloy anodes on the cyclability of sulfide-based SSBs. Their findings
indicated that the anode containing 1 wt% lithium exhibits the best
performance [234]. Hansel et al. revealed the fundamental electro-
chemical and mechanical behavior of Li-In and Li-Sn alloys with
different lithium stoichiometries in sulfide-based SSBs [235]. Gao et al.
developed a lithium-rich Li-In anode, in which the Li;3Ing alloy acted as
a 3D framework for accommodating lithium and mitigating volume
changes, while the residual lithium served as a lithium source, shuttling
between anode and cathode during cycling [236].

Employing conductive coating strategies not only boosts the ion
mobility at the interface but also partially alleviates the interfacial stress
caused by volumetric changes during de-/lithiation [237]. They can also
mitigate interfacial tension caused by the changes in volume of alloy-
type anodes. Ci’s team introduced a coating of LiAlO; on the surface
of Si particles [238]. The LiAlO; layer, with reasonably high ionic
conductivity and mechanical strength, promoted the diffusion of lithium
between the Si particles, resulting in good cycling performance and
enhanced rate capability. Li et al. devised a high-performance Li-BiFg
composite system, incorporating a continuous ionically conductive
phase achieved via conversion reaction between BiF3 powder and
molten lithium [239]. This composite boasts an in situ generated Li3Bi
phase, which facilitates ion migration to the interface, effectively
compensating for lithium depletion during stripping (maintaining

Lithium metal

intimate interfacial contact and mitigating void formation). Further-
more, the presence of Bi softens the bonding among the lithium atoms,
resulting in a decrease in surface tension. Thanks to these advantageous
traits, Li-BiF3|Lig 4LagZr; 4Tag 6012|Li-BiF; cells display a low interfacial
resistance of 7.4 Q cm? and sustain long-term cycling stability for over
850 h at 0.3 mA cm 2 (Fig. 10c).

Conclusion

The continuous volume expansion/contraction of alloy-type mate-
rials during charging/discharging leads to poor interfacial contact be-
tween the electrode and the SE. Current modification strategies
primarily focus on addressing superficial issues, lacking comprehensive
analysis linking atomic-scale structural evolution to macroscopic per-
formance degradation. As a result, many proposed solutions merely
alleviate the symptoms without tackling the root causes. To overcome
these challenges, future research should prioritize the development of
adaptive buffer structures and interfacial modification layers that
combine chemical inertness with dynamic self-healing properties.
Furthermore, it is essential to unravel the key factors driving structural
degradation during battery operation and clarify their coupling mech-
anisms with the electrochemical behavior. Such insights will be critical
to bridging the gap between laboratory research and industrial-scale
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implementation.
Summary and outlook

Summary

Research on AAMs in the field of SSBs is characterized by diversity
and dynamics. From this perspective, we provide a concise overview of
viable anodes and highlight the main challenges they encounter, with a
focus on the progress made in compositional and structural engineering
(Fig. 11). While recent research has made significant advancements,
numerous pressing concerns need to be addressed to effectively utilize
the findings.

Lithium metal, due to its high reactivity and large theoretical spe-
cific capacity, has become a popular choice for SSBs. However, lithium
metal anodes undergo major volume changes during plating and strip-
ping, leading to uneven SEI formation, which can exacerbate dendrite
growth, shorten battery life, and pose safety risks [20]. Additionally, its
high reactivity and the need for special environments during processing
increase production costs, limiting commercial applications. To over-
come these challenges, constructing an interfacial, protective layer has
proven to be an effective strategy [240]. Currently, a variety of inor-
ganic and organic materials, including lithium-containing and lithium-
free compounds, have been proposed for interfacial protection. The
latter often transform into lithium-containing compounds of reasonably
high ionic conductivity after in situreaction withlithium. The criteria for
an ideal interfacial layer should include four essential characteristics:
high ionic conductivity, good wettability with the SE/lithium, high
electrochemical stability, and low electronic conductivity. Future
research in this direction should focus on developing intermediate layers
with strong bonding to both the lithium and the SE particles, thereby
maintaining intimate contact. Modulating the structure and composition
of lithium metal is another promising approach to achieving stable
lithium deposition/stripping. By designing lithium with unique mor-
phologies and composites with other materials, the ion diffusion dy-
namics at the interface can be significantly enhanced, leading to more
uniform lithium deposition and mitigated dendrite growth. Anode-less
configurations represent a milestone in SSB development. From a
practical perspective, reducing lithium metal usage and simplifying
battery assembly during manufacturing offer significant advantages.
However, the ICE and reversibility of lithium plating/stripping upon
cycling are crucial for the practical energy density and cycle life. Mod-
ifications to the CC, including the selection of suitable host structures
combined with lithiophilic coatings, have proven viable options for
enhancing reversibility towards achieving 100 % CE. While lithiophilic
coatings or protective layers on CCs have been shown to improve the
stability of anode-less SSBs, extensive use of these measures can signif-
icantly reduce energy density, diminishing the advantages of such bat-
teries [30].

Carbonaceous materials with their excellent mechanical stability
as well as high electronic conductivity and chemical/electrochemical
stability areregarded asimportant AAMs. They not only serve directly as
the negative electrode for SSBs but also function as core components in
composite anodes. However, their slow reaction kinetics, low ICE, and
modest capacity pose bottlenecks for further development. To address
these challenges, current optimization strategies primarily focus on
structural tailoring, surface coating, and composites with other mate-
rials [193,195]. By coating carbonaceous materials, the interlayer
spacing can be effectively increased, facilitatingion transport, extending
cycle life, and reducing charge-transfer resistance at the electrode|SE
interface. It should be noted though that insufficient bonding strength
between the coating and the carbon-based matrix may lead to detach-
ment, weakening the overall effect. Additionally, structural optimiza-
tion of carbon-based materials effectively reduces their specific surface
area, thereby inhibiting parasitic effects and enhancing ICE [241].

Overall, these strategies represent the synergistic application of

multiple materials and modification methods to yield properties supe-
rior to those of the base carbonaceous materials. Notably, while carbon-
based materials hold great potential for application in SSBs, their per-
formance limitations still restrict widespread adoption. Therefore,
future research should delve deeper into the potential of different kinds
of carbonaceous materials, driving their broader application in the SSB
field through continuous innovation and optimization, ultimately
maximizing their value.

Alloys with their high reversible capacity, suitable operating po-
tential, and favorable transport properties have been extensively
researched as primary anodes for the next generation of high-ener-
gy-density batteries. However, severe volume changes during charging
and discharging limit their cycle life. Currently, nanostructure design,
coating strategies, morphology control, and compositing with other
materials have emerged as mainstream solutions to shorten diffusion
path lengths, enhance conductivity, and accommodate volume varia-
tions [216,242]. Nanosizing alloy-based materials usually positively
affects ion diffusion and electron conduction, mitigating performance
degradation. The construction of alloy composites can improve con-
ductivity, stabilize the electrode structure, and provide a protective
layer through compositing, thereby alleviating volume changes and
forming a stable anode|SE interface to maintain structural stability
during cycling. While there are some studies on the application of alloy-
based anodes in SSBs, most of them focus on regulating the ionic con-
ductivity of SEs and designing electrode structures, with limited reports
on electrode|SE interfaces and insufficient understanding of failure
mechanisms. Additionally, issues related to the cost of nanostructured
materials and the packing density of the anodes have not been thor-
oughly addressed. Future research should delve deeper into the interface
compatibility between alloy-based anodes and SEs to guide the devel-
opment of advanced SSBs.

Outlook

Below are some approaches and suggestions for future research
(Fig. 12). In the commercialization process, lithium metal anodes are
considered the cornerstone for achieving high-performance SSBs due to
their favorable characteristics of high theoretical specific capacity and
low electrochemical potential. However, the current challenges lie in the
growth of lithium dendrites during battery operation and accompanied
safety concerns. A more revolutionary approach involves developing
liquid metal-type anodes, where dendrite formation can be mitigated
through dissolution, enabling dendrite-free operation and ultra-long
cycle life. The application of this technology necessitates novel battery
designs and the development of protective layers to shield the SE par-
ticles from the corrosive liquid. Additionally, innovative methods such
as magnetic lithium and gradient composite lithium anodes have led to
promising performances in reducing interfacial resistance and inhibiting
dendrite formation and growth. Simultaneously, thorough understand-
ing of the interactions between (artificial) protective layers and lithium
metal and/or solvated lithium ions remains to be acquired. This often
necessitates a synergistic combination of experiments, simulations, and
theoretical calculations, along with continuous compositional and
structural optimization of coatings through various preparation
methods, particularly under high current density or high capacity
testing conditions, to ensure proper protection of the lithium metal.
Moreover, drawing on knowledge from other disciplines should be
strongly encouraged to provide deeper insights into the complex lithium
metal interface, such as stress accumulation/release and thermal effects
during plating/stripping. Regarding anode-less configurations,
numerous improvement strategies have been successfully demonstrated
at the laboratory level. Nevertheless, direct translation to practical
batteries appears highly challenging in most cases. While laboratory-
scale strategies are instrumental in addressing mechanical issues for
commercial deployment, rational application technologies are crucial
for realizing these solutions in scaled-up battery systems. In the future,
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greater attention should be paid to this aspect in laboratory-scale de-
velopments. Exploring fundamental mechanisms through multiscale
analysis, in-depth electrochemical testing, and actual manufacturing
will pave the way for the commercialization of anode-less SSBs.

The application of carbon-based anode materials in the field of SSB
faces numerous challenges such as limited lithium storage capacity,
which significantly constrain their potential as primary anode materials
for high-performance SSBs. Nevertheless, it is the high conductivity,
excellent cycling stability, and structural freedom exhibited by carbon-
based electrode materials that enable them to serve as additives or
composite components, significantly enhancing the overall anode per-
formance. For instance, by tailoring the particle size, pore structure, and
surface chemistry of carbonaceous materials, one can optimize com-
posite effects with active lithium storage materials like Si or Ti-based
alloys, facilitating rapid ion transport and uniform distribution,
thereby effectively mitigating volume variations and prolonging the
battery’s cycle life. Furthermore, research into the compatibility of
carbon-based anodes with other materials will emerge as a crucial di-
rection in the field of AAMs in the future. This not only necessitates a
profound understanding of the behavior of carbonaceous materials in
various composite systems but also calls for exploring ways to further
strengthen the interactions between active and inactive materials and
SEs through interface engineering, surface modification, and other
methods. This kind of research will strongly contribute to enhancing the
performance of SSBs and has the potential to provide theoretical foun-
dations and technical support for the development of novel composite
anodes.

In the journey towards commercializing SSB technology, alloy-based
anodes are regarded as crucial components for enhancing the perfor-
mance. However, the significant volume changes during alloying and
dealloying and the challenge of maintaining interfacial stability pose
key challenges that need to be addressed. Despite the superior perfor-
mance of various alloy-based anodes demonstrated in the laboratory,
translating them into commercial-grade products requires overcoming
several hurdles, including manufacturing cost control, standardization
of production processes, and verification of long-term stability under
high energy density conditions. Consequently, future research should
concentrate on the transformation pathways (from laboratory to in-
dustrial applications), accelerating the research and validation of scal-
able production technologies to achieve early breakthroughs for alloy
anodes in the field of SSBs. Additionally, delving into the behavioral
patterns and conduction mechanisms at the AAM|SE interface will

provide guidance for future research on alloy-based SSBs. On this basis,
it is imperative to strengthen the theoretical calculations for alloy-type
anode applications and their compatibility with SEs, complemented by
experimental validation, to ensure close integration of theory and
practice. Furthermore, the active exploration and development of more
advanced testing technologies and computational models are essential
for thoroughly analyzing the composition and dynamic evolution of the
AAM]|SE interface, laying the foundation for the continuous optimiza-
tion of the alloy anode technology.

A battery is a complex system where enhancements in single pa-
rameters may potentially exert a negative impact on other metrics.
While research on AAMs has led to major performance improvements,
the engineering of electrode structures and battery configurations
should not be overlooked. The interface issues between SEs and AAMs
remain a central focus of current research. Among them, the low shear
modulus, low mechanical strength, space-charge layer effect, and low
stability (non-uniform SEI formation) of SEs are the primary causes of
lithium dendrite growth. The main directions for SE modification
involve reducing internal porosity, increasing relative density, and
enhancing electrochemical stability [104,243]. Improving ionic con-
ductivity, ion transport at the electrode/SE interface, and mechanical
properties relies heavily on optimizing the atomic-level structure of the
materials. Advanced CCs are typically characterized by high electro-
chemical stability and conductivity, high mechanical strength, and low
cost [244]. Furthermore, conductive additives can potentially have
detrimental effects on the SE. For instance, in SSBs, carbon additives can
react with sulfide SEs, increasing electrode resistance and decreasing
electrochemical activity. Conductive agents may not be necessary if the
active material particles possess sufficiently high electronic conductivity
and form a percolating network. Therefore, developing materials with
high chemical stability and electronic conductivity represents a prom-
ising direction for future developments. Binders also play a vital role by
connecting active material, conductive agent, SE, and CC. They not only
mitigate volume changes during cycling and alleviate cracking but also
form ion channels to accelerate lithium migration. Additionally, some
binders rich in nitrogen- and oxygen-containing functional groups can
enhance ion mobility. However, controlling the amount of binder is
challenging; a small fraction may not effectively form continuous
transport channels, while excess can adversely affect ion/electron
transport. Thus, new methods need to be developed to achieve high
electronic and ionic conductivity in high-loading anodes and/or to
strictly control the content of polymeric binder. With the advent of big



data, material genomics and data-driven machine learning techniques
are being applied to battery materials R&D. Future research should
prioritize the development of intelligent machine learning algorithms to
facilitate the discovery and design of high-performance AAMs through
high-throughput screening and data analysis while reducing experi-
mental costs. Advanced characterization techniques with multiscale and
high-resolution capabilities such as cryogenic electron microscopy,
synchrotron-based X-ray diffraction, or neutron diffraction can track the
structural and compositional evolution of anode materials and the SEI
during electrochemical cycling. The integration of these characteriza-
tion methods with robust theoretical predictions is conducive to
revealing critical influencing factors, guiding the design of AAMs and
thereby accelerating the development of novel materials.

In summary, the research on SSBs can be seen as a kind of systematic
engineering, which requires considering the development of battery
cells as a whole rather than focusing on a single component. It is fore-
seeable that with the unremitting efforts of scientists and engineers
worldwide, the commercialization of safe and energy-dense SSBs will
soon become a reality.
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