W) Check for updates

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

REVIEW

Fabrication of Composite Cathode for All-Solid-State Sodium
Batteries
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and Yanjiao Ma*

All-solid-state sodium-ion batteries (ASSSBs) are regarded as highly
promising candidates for large-scale energy storage systems owing to their
expected lower cost and enhanced safety. In recent years, the advent of novel
fast ion-conducting solid electrolytes (SEs) has further accelerated the rapid
development of this field. Nevertheless, several critical challenges remain,
preventing the performance of ASSSBs from surpassing that of their
liquid-electrolyte counterparts. Among these, a key obstacle lies in the design
of cathode systems that ensure optimal compatibility between the SE and the
cathode active material (CAM). This review focuses on the essential
properties and persistent challenges of CAM in ASSSBs employing inorganic
SEs and highlights the current strategies developed to address these issues.
Particular attention is given to the design considerations at the cathode,
particle, and interface levels, including aspects related to the microstructure,

Among the various emerging battery
technologies, sodium-ion batteries (SIBs)
have been identified as a promising al-
ternative to mitigate the challenges posed
by lithium resource scarcity. This is pri-
marily due to the high relative abun-
dance of sodium in the Earth’s crust
(2.75%) and its physicochemical prop-
erties, which closely resemble those of
lithium. Sodium is the lightest alkali
metal after lithium and has a low elec-
trode potential (—2.71 V vs Standard
Hydrogen Electrode, SHE).>*] Moreover,
SIBs share similar structures and work-
ing principles with lithium-ion batter-
ies (LIBs), enabling cost-effective de-

mechanical integrity, and (electro)chemical interactions with the SE. Finally,
the review outlines future directions and design principles for the
development of next-generation cathode materials in ASSSBs.

1. Introduction

With the development of lithium-ion electrode materials ap-
proaching their theoretical performance limits, and in light of
the growing demand for enhanced safety, higher energy density,
and reduced cost, there has been a growing research focus on ex-
ploring and developing alternative battery systems based on more
abundant and widely available resources.[']

velopment by leveraging the extensive
experience gained from LIBs.’) Com-
pared to conventional liquid-electrolyte
SIBs, ASSSBs employ solid electrolytes
(SEs), which offer superior thermal sta-
bility and non-flammability, significantly
reducing the risk of thermal runaway and enhancing overall bat-
tery safety.l®l Additionally, ASSSBs enable the use of sodium
metal anodes and high-voltage cathode active materials (CAMs)
to enhance energy density. The mechanical properties of SEs
also effectively suppress the formation of alkali metal dendrites,
thereby preventing short circuits and extending battery lifespan.

Unlike conventional, i.e., porous SIBs cathodes, SEs require
an accurate mixing of with the CAM to construct a composite
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Figure 1. Interfacial issues in composite cathodes for ASSSBs.

cathode with an efficient ion transport network. Furthermore,
composite cathodes incorporate conductive additives and binders
to enhance electronic conductivity and maintain structural in-
tegrity, leading to the formation of multiple interfacial struc-
tures. Therefore, a major challenge lies in optimizing the internal
structure and composition of the cathode to achieve stable inter-
face architectures and efficient ion/electron transport networks
(Figure 1).) Additionally, ensuring the homogeneous distribu-
tion and intimate contact of all the cathode components in a 3D
framework remains a critical consideration.

Currently, commonly used SEs include oxides, sulfides,
halides, complex hydrides, and polymeric SEs, each type exhibits
distinct properties.!®] For instance, oxide SEs offer excellent elec-
trochemical and chemical stability but suffer from high me-
chanical strength (i.e., high Young’s modulus), which can lead
to interfacial delamination from SEs. Additionally, their fabrica-
tion requires high-temperature sintering, which increases pro-
cessing costs.’) Sulfide SEs, on the other hand, benefit from
the low electronegativity and large ionic radius of sulfur, which
weaken the electrostatic interactions between the framework
and Na, resulting in exceptionally high ionic conductivity, in
some cases surpassing those of liquid electrolytes. Examples
include Na,;PS, (NPS, o, > 1 mS cm™!), Na, ¢¢SbyesWy 1,54
(0ion = 32 mS cm™), Nay;Sn,PS; (00 25:c = 3.7 mS cm™),
and Na;SbS; ,sSeq 5 (010, = 4.03 mS cm™!), all of which meet-
ing the fast charge/discharge requirements of batteries.[1014]
Furthermore, sulfides possess relatively soft mechanical prop-
erties, ensuring good physical contact with CAM. However,
their narrow electrochemical stability window and poor chemi-
cal/electrochemical stability remain key challenges. Halide and
complex hydride SEs exhibit relatively high ionic conductivities,
but the latter’s complex synthesis and high cost hinder large-scale
applications.['’! In contrast to inorganic SEs, polymer SEs offer
advantages such as mechanical flexibility, low density, and sim-
ple processing. However, their Nat conductivity at room temper-
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ature (RT) is typically in the range of 107> to 10~ S cm™?, which
is insufficient for practical ASSSBs applications.!'®]

CAMs for ASSSBs include conventional oxide-based mate-
rials (e.g., layered oxides and NASICON-type structures), sul-
fides, and organic compounds. In recent years, Prussian blue
analogs (PBAs) and sulfide CAMs have also garnered signifi-
cant attention.['”"? Sodium-based layered transition metal ox-
ides (Na,MO,, where M = Ni, Co, Mn, Fe, Cr, V, etc.) can re-
versibly host Na* while exhibiting high redox potentials and the-
oretical capacities. However, at high cut-off voltages, Na* extrac-
tion often induces phase transitions and structural changes, re-
sulting in irreversible lattice collapse and accelerated capacity fad-
ing. Additionally, oxygen species (O,, O,~, and O~) released dur-
ing structural collapse may chemically oxidize SEs. Metal sulfide
(MS,) has gained interest due to their high theoretical capacities
and natural abundance, which stem from their multi-electron re-
dox reactions. However, their large volume expansion, inherently
low electronic conductivity, and sluggish Na* diffusion kinetics
present challenges in achieving superior electrochemical perfor-
mance. Organic CAMs, known for their resource abundance, en-
vironmental friendliness, and structural diversity, have also been
explored for sodium storage applications. Nevertheless, several
challenges remain, including the need for novel molecular struc-
tures and reaction mechanisms to enhance Na storage properties.
In practical applications, the selection of CAMs must balance per-
formance targets with cost considerations. For instance, layered
oxide CAMs are suited for high-energy-density applications, sul-
fide CAMs are ideal for large-scale energy storage, and organic
CAMs are promising for low-power and environmentally friendly
storage solutions.

In summary, the wide range of available CAMs and SEs
provides opportunities to design composite cathodes with tai-
lored properties, enabling high-power and high-energy-density
configurations. However, these combinations also give rise to
a variety of interfacial challenges. To overcome these issues,
numerous strategies have been proposed, including the opti-
mization of intrinsic properties of CAMs (e.g., through doping
and high-entropy approaches), the construction of stable inter-
faces, and the application of surface coating techniques.[2°-%]
This review systematically summarizes optimization strategies
across multiple scales—from the atomic or sub-nanometer scale
(e.g., material modification via doping and entropy tuning), to
the nanometer scale (e.g., interfacial engineering via surface
coatings), and the micrometer scale (e.g., composite cathode
fabrication methods). The underlying mechanisms governing
interfacial stability and electrochemical performance are elu-
cidated, providing theoretical insights and practical guidance
for the future design of high-performance solid-state cathode
systems.

2. Inorganic Solid Electrolytes (SEs)

2.1. Fundamental Properties

As research on SEs progresses, numerous materials with high
ionic conductivity have been developed (Figure 2). However,
ASSSBs assembled using these SEs often exhibit subpar perfor-
mance, including rapid capacity decay, significant voltage polar-
ization, and low initial Coulombic efficiency. These performance

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

ASUGOIT SUOWIWO)) AATIEAI)) d[qearjdde oyy Aq pousoA0S a1e So[d1IE V() $aSN JO SI[NI 10] AIRIGIT QUI[UQ AD[IA\ UO (SUONIPUOI-PUB-SULId)/WOd" 1M AIRIqI[aUI[U0//:sd)y) SUONIPUO)) pue SWLId [, Ay 998 “[$707/11/97] U0 A1eiqry durjuQ ASJIAN ‘W) JRNSIOATUN 1OP ZI Aq 9SLE0STOT WUdE/Z00 [0 [/10p/w0d Kaim’Kreiqijourjuo-pasueape//:sdny woiy papeojumod ‘0 ‘0v89+191



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

NaAlH, NayAlHg
¢-NayPS, 2.1X101°S em? 64X 107 S em!
nl -1 Tetr: clinic
Na-p-ALO;  Na-p'-ALO; 2X10%S emy (luxz!gonall) (Monoclinic)
it
o
08
e (i~
WA | P
X ol

%iai %“éaf @

Rhombohedral ~ Monoclinic

$iP0, N2 _Nal 20, Nal yp»
z:o‘ o8 o D\ /, r
e 2 B
1-Na;PS,
Nat-Na2 Chaanel - 4,17 X 106 S em? Na,B,H,,
(50 °C) >0.1 mS em?
Nal-Na3 Chaneel
Nal-Na2 Channet
NayZra(SisP 3-.‘)01.
(0= x<3)

Monoclinic Cubic

¥ \\ w

www.advenergymat.de

Na,0,-MCly
(M = Hf, Zr, Ta)
2 1
Nay 4Zry oZny,Si; 1P 4Oy i b <
5.27mS cm! i‘oo °o 2 aii
Dotleneck € DatleneckD b, Via il

Nay 555bg ssWo 1254 Na-Na3-Nay /5 9o 9
32mS cem! chasael ﬁ.\@ £ i
WA\

© &
§5,WS, % E ALY,
ol

o 0 ) /'

7Y\ 3
Bottleaeck E Botleneck ¥ |

ONa
oM @ roisosutace

o
S & @ crisosutace

Na;YClg Nay 55Y25Z1075Clg
Naj 4S¢g 42ty 4(S10,4),(PO,) 9.5x 108S em! 0.1-0.2 mS cm'!
4.0mS em'! (40 °C)

Figure 2. Development of solid-state Na* electrolytes.[+*11:1228-37] (Reproduced with permission.l*] Copyright 2018, Wiley-VCH. Reproduced with
permission.37] Copyright 2023, Royal Society of Chemistry. Reproduced with permission.[3] Copyright 2014, Royal Society of Chemistry. Reproduced with
permission.l®] Copyright 2016, American Chemical Society. Reproduced with permission.[3*] Copyright 2020, American Chemical Society. Reproduced

with permission.[*2] Copyright 2012, American Institute of Physics).

issues are primarily attributed to the deteriorated migration dy-
namics of Na* at the electrode—electrolyte interface, leading to
increased electrochemical impedance. The root cause of this un-
favorable behavior lies in the interfacial incompatibility between
the electrode and the SE. An ideal two-phase interface should be
both thermodynamically stable and chemically compatible. Ac-
cordingly, SEs must exhibit not only high ionic conductivity and
electrochemical stability but also sufficient mechanical strength
to maintain intimate and stable contact at the interface.l?’] Sub-
sequently, the physicochemical properties of inorganic SEs are
compared, as shown in Figure 9.

2.1.1. Na* Transport Mechanisms

In inorganic SEs, Na* transport primarily depends on the con-
centration of mobile Na* and the density of lattice defects.!'’]
At the atomic scale, this conduction process manifests as di-
rectional hopping of Na* along diffusion pathways within the
anionic lattice framework, specifically involving transitions be-
tween ground-state stable sites and metastable intermediate
sites.[%®) Lattice defects—particularly Na vacancies and intersti-
tial Na* generated through doping substitution—provide crucial
migration pathways. Driven by chemical and electrochemical po-
tential gradients, Na* achieve effective migration through these
defect channels.l’’]
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These ionic hopping processes mainly occur through two dis-
tinct mechanisms: 1) single-ion migration, including vacancy
migration and interstitial migration mechanism; and 2) multi-
ion concerted migration (Figure 3a). The vacancy migration re-
lies on vacancies created by Schottky defects, where Na* hop
from their original equilibrium sites to adjacent vacancies, si-
multaneously generating new vacancies at their former posi-
tions (Figure 3b). The interstitial migration, based on Frenkel
defects, can be further categorized into direct interstitial mech-
anism and interstitial knock-off mechanism (Figure 3c,d).*!
In the direct interstitial mechanism, interstitial ions—typically
smaller than the host lattice atoms—jump directly between ad-
jacent interstitial sites, forming interstitial solid solutions. In
the interstitial knock-off mechanism, an interstitial ion dis-
places a neighboring lattice atom from its position and occu-
pies it, while the displaced atom moves to another interstitial
site.

Nevertheless, Nat transport in SEs predominantly occurs
through the concerted migration.[*°! This mechanism is typically
observed in SEs with high sodium ion concentrations, involv-
ing the simultaneous hopping of Na* from both low-energy and
high-energy sites to adjacent lattice positions. During this pro-
cess, Nat at high-energy and low-energy sites may undergo “iden-
tity exchange,” where the energy released by the former partially
compensates for the energy required by the latter, thereby reduc-
ing the overall migration barrier.*!]
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Figure 3. Schematic illustration of a) the energy barrier comparison between single-ion migration and multi-ion migration. Reproduced with
permission.l*1l Copyright 2017, Springer Nature. b) Vacancy mechanism, c) direct interstitial mechanism, d) interstitial knock-off mechanism. Repro-

duced with permission.[3%! Copyright 2020, The Royal Society of Chemistry.

Na* conduction in SEs constitutes a complex multiscale pro-
cess, influenced by both intrinsic material properties (crys-
tal structure, defect concentration) and external conditions
(temperature, electric field). A profound understanding of
the physical nature of these conduction mechanisms pro-
vides essential theoretical guidance for designing novel high-
performance SEs. Through precise regulation of lattice defects
and ion distribution, more efficient Na* conduction can be
achieved.

2.1.2. lonic Conductivity

Ionic conductivity is a critical parameter for SEs, as it governs
ion transport kinetics, reduces polarization during cycling, and
supports efficient and stable battery operation. In inorganic SEs,
ionic conductivity is mainly determined by defect types and
concentrations, the density of mobile ions, and the ion diffu-
sion energy barrier.*?! This relationship can be described by
the equation: o = o, exp(-E, /k;T), where o, represents the pre-
exponential factor in the Arrhenius equation, encompassing pa-
rameters such as carrier concentration; E, denotes the activation
energy for diffusion, indicating the threshold required for effec-
tive ion diffusion; and k; and T represent the Boltzmann con-
stant and absolute temperature, respectively. Therefore, achiev-
ing high ionic conductivity requires an ample supply of mobile
Na*, accessible neighboring sites/defects, and a lower migration
barrier.[?]

Experimentally, ionic conductivity can be measured using
techniques such as solid-state nuclear magnetic resonance,
quasi-elastic neutron scattering, and secondary ion mass spec-
trometry. Among them, electrochemical impedance spectroscopy
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(EIS) is the most widely used technique for evaluating ionic con-
ductivity in inorganic SEs.[*344]

2.1.3. Electrochemical Stability Window

The electrochemical stability window refers to the voltage range
within which a SE remains chemically inert, undergoing neither
oxidation nor reduction reactions. Understanding this stability
window is crucial for guiding the selection of CAMs and deter-
mining the operational voltage of the battery. As illustrated in
Figure 4, the oxidative stability of an electrolyte is typically de-
scribed by the position of its highest occupied molecular orbital
(HOMO) or valence band maximum (VBM). When the CAM
chemical potential (denoted as ) falls within this stability win-
dow, the system remains thermodynamically stable.*>*¢ Con-
versely, if u. < HOMO (or VBM), electrons are transferred from
the SE to the CAM, leading to oxidative decomposition of the
electrolyte and the formation of a cathode electrolyte interphase
(CEI).[*] The formation of the CEI indicates that a portion of Na*
within the electrolyte participates in interfacial reactions, result-
ing in a reduction in the bulk ionic conductivity of the electrolyte.
Simultaneously, the charge transfer resistance at the interface in-
creases, both of which significantly contribute to the overall rise
in the battery’s electrochemical impedance. Moreover, if the CEI
exhibits mixed electronic and ionic conductivity, continuous de-
composition of the SE occurs, ultimately leading to mechanical
instability and catastrophic performance degradation of the bat-
tery. It is important to note, however, that not all interphase for-
mations are detrimental. In some cases, the CEI can function as
a favorable ion conductor with high thermodynamic and kinetic
stability. A favorable CEI is characterized by a uniform, dense
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Figure 4. Schematic illustration of major inorganic Na*-conducting SEs
electrochemical stability windows and interphases formation processes.

interfacial layer that promotes efficient ion transport. If it is
thermodynamically stable and electronically insulating, the inter-
phase can passivate the SE, thereby extending its oxidative stabil-
ity window.

The electrochemical stability window of SEs is typically eval-
uated using cyclic voltammetry (CV) or linear sweep voltamme-
try techniques in a blocking electrode configuration, with sulfide-
based SEs serving as a representative example. CV tests utilizing
blocking electrodes indicate that NPS possesses an electrochem-
ical stability window of up to 5 V (vs Na*/Na).['!l However, re-
cent theoretical studies and experimental results based on NPS
reveal that the anodic decomposition potentials are 2.3 and 2.7 V
(vs Na*/Na).[”*#’] These CV tests may overestimate the electro-
chemical stability limits of the electrolyte due to several reasons:
1) Poor contact with the metal electrode or excessively rapid scan
rates may cause the SE to remain in a non-equilibrium state dur-
ing testing; 2) The limited electronic conductivity of the SE re-
stricts decomposition reactions to very thin interfacial regions,
making it challenging to observe the weak decomposition cur-
rents generated by slow kinetic processes; 3) The formed interfa-
cial phases may exhibit passivation effects that broaden the elec-
trochemical stability window. To address these issues, a mixed
layer of SE and conductive carbon has been introduced between
the blocking electrode and the Na*-conducting SE. The addition
of conductive carbon significantly increases the interfacial con-
tact area between the SE and the electronic conductor, thereby
enhancing the decomposition kinetics of the SE. As a result, the
electrochemical stability window of SEs can be determined with
greater accuracy.

The oxidative stability of SEs at high voltages is strongly de-
pendent on the nature of the anionic species, which is primarily
influenced by electronegativity and charge density.*84] Typically,
the electrochemical stability is constrained by the anion with the
lowest ionization potential, following the trend: halides > oxides
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> sulfides > nitrides. This ordering is consistent with the varia-
tions in charge density among N3, S?~, 0?7, and ClI~.50%1]

2.1.4. Other Physical Properties

The mechanical properties and densification of SEs play a pivotal
role in the fabrication and performance of ASSSBs. On the one
hand, the ductility of SEs determines their ability to achieve den-
sification through cold pressing at room temperature, thereby en-
abling improved compaction and enhanced electrode/electrolyte
interfacial contact during processing. The Young’s modulus is
equally critical: oxide SEs with high Young’s modulus often strug-
gle to accommodate the stresses arising from volume fluctu-
ations of CAMs during cycling, which may result in interfa-
cial cracking, reduced contact area, and increased impedance.
By contrast, sulfide SEs with lower Young’s modulus exhibit
greater mechanical compliance, allowing stress to be more ef-
fectively mitigated and interfacial stability to be preserved. On
the other hand, both density and densification exert signifi-
cant influence on the electrochemical performance of SEs. Den-
sity is an intrinsic material property, whereas densification re-
flects the extent of porosity elimination and compaction achieved
during fabrication. Well-densified SEs, such as NASICON-type
Na,,,Zr,Si P, O;, (NZSP) and g"-Al,O;, typically display low
porosity and superior mechanical integrity, which collectively re-
duce grain boundary resistance, suppress dendritic penetration,
and enhance overall ionic conductivity. For example, the cold sin-
tering process has been employed to fabricate highly densified
Na, ,Zr1, gZn,,Si, ,P,4O;,, enabling low-temperature processing
while significantly improving ionic conductivity and interfacial
stability.>?) It should be noted, however, that although higher
densification levels help minimize porosity, excessively rigid mi-
crostructures may lack the adaptability required to accommodate
electrode volume changes, thereby increasing the risk of inter-
facial failure. Furthermore, electrolyte design must also account
for the effect of density on energy density: provided sufficient
mechanical robustness and ionic conductivity are maintained,
lower-density materials may offer potential advantages by reduc-
ing inactive mass and improving the gravimetric energy density
of the battery system.

2.2. Oxide SEs
2.2.1. p-Alumina

Since their discovery in the 1960s, f-Al,O, and f"-Al,O, have
been utilized as SEs for rechargeable high-temperature sodium-
sulfur (Na-S) batteries due to their high ionic conductivity and
favorable thermal properties.?8%3°*] As shown in Figure 5b, -
Al,O; (Na,0O(8-11)Al,0,) possesses a hexagonal structure with
P6,/mmc symmetry, while #”-Al, 0, (Na,0(5-7)Al,0,) exhibits a
rhombohedral structure with R-3m symmetry.12>>°] Both struc-
tures consist of alternating spinel blocks and conductive layers,
where the spinel block is formed by the stacking of four layers
of 02~ and AI**. The conductive planes comprise stacked oxy-
gen and sodium ions, with the main differences arising from the
stoichiometry and the stacking order of the O?~ in the conduc-
tive layers (Figure 5a).['®5¢] Due to the highest Na* content in
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Figure 5. a) Schematic diagram of stacking sequence and Na* conduction plane for #-Al,O5 and f”-Al,05. Reproduced with permission.!'®! Copyright
2018, Elsevier. b) Crystal structures of f-Al,05 and ”-Al,O;. Reproduced with permission.[?° Copyright 2018, Cell Press. c) Crystal structures of the
representative NASICON (Na;Zr,Si,PO;,) with rhombohedral and monoclinic phase. Reproduced with permission.[2°l Copyright 2018, Cell Press.
d) Four different types of bottlenecks in Na* conducting pathways in the monoclinic NASICON structure. Reproduced with permission.[®1] Copyright

2016, American Chemical Society.

the conductive planes of f”-Al,O;, this compound exhibits su-
perior ionic conductivity. Specifically, single-crystal g”-Al,O; can
achieve ionic conductivities of up to 1 S cm™" at 300 °C, typically
2 to 5 times higher than that of polycrystalline structures.[°¢:7]
This enhanced conductivity is primarily attributed to the avoid-
able high grain boundary resistance present in polycrystalline
materials.l*®)

It is noteworthy that #”-Al,O, is thermodynamically unstable
and tends to partially decompose into thermodynamically sta-
ble f-Al,0; and NaAlO, impurities.!®) Consequently, despite sig-
nificant efforts to synthesize pure-phase f”-Al,O,, the resulting
products typically consist of a mixture of p”-Al,0,, f-Al,O,, and
other impurities. However, optimizing the ratio of $”-Al,0, to
p-Al, 0, and adjusting the microstructure, the ionic conductivity
can be effectively enhanced.[56:5%6]

2.2.2. NASICON

NZSP, commonly known as NASICON, has attracted extensive
research since it was reported as a Na* conductor by Goode-
nough et al. in 1976.13%62] Compared to the 2D Na* transport
pathways in #/f"-Al, O, structures, the NASICON features a 3D
open framework formed by corner-sharing SiO,/PO, tetrahe-
dra and ZrOg octahedra, which facilitates the high reversibility
and rapidity of Na* insertion and extraction.[>*%3] From the per-
spective of crystal structure and composition, NZSP is regarded
as a binary solid solution of NaZr,P,0,, and Na,Zr,Si;0,,.%
Variations in Si content allow NZSP to exhibit different crys-
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talline phases, specifically rhombohedral (R-3c) and monoclinic
(C2/c) phases (Figure 5¢).[?) When x = 2, Na, Zr, Si, PO,, demon-
strates the highest ionic conductivity, achieving ~107' S cm™!
at 300 °C and ~107* S cm™! at RT.3%%2] Consequently, mod-
ifications to NASICON materials have primarily focused on
Na;Zr,Si,PO;,.

In NASICON-type SEs, Na* migration is dominated by Na*
mobility and concentration, which are largely influenced by the
size of bottlenecks and the Na content within the unit cell.l®] For
instance, in the monoclinic phase of NASICON, four distinct bot-
tleneck regions exist, comprising two Na,-Na, and two Na,-Na,
channels (Figure 5d).[!] The size of these bottlenecks is directly
related to the migration barrier, thereby affecting ionic conduc-
tivity. Moreover, promoting Na* migration at grain boundaries is
crucial for enhancing the conductivity of NASICON. The main
obstacles arise from insulating impurities and defects such as
pores and microcracks at the grain boundaries, which severely
impede Na* transport by disrupting the transport network. Gen-
erally, optimizing the ionic conductivity of NASICON can be
achieved by adjusting the concentration of mobile Nat, modify-
ing bottleneck sizes, reducing impurity content, and minimizing
grain boundary defects.

2.3. Sulfide SEs
Sulfide SEs are considered very promising for sodium batteries

due to their high Na* conductivity, mild synthesis conditions, low
grain boundary resistance, and excellent plasticity. In contrast
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to oxide SEs, the high Na* conductivity of sulfide SEs primar-
ily arises from the lower electronegativity and larger ionic radius
of §*~ jons, which weaken the electrostatic interactions between
the sulfide framework and Na™ cations, thereby widening the Na*
migration pathways. The most common sulfide SE is NPS. As il-
lustrated in Figure 6a, NPS exhibits two crystal structures: cubic
and tetragonal, with the tetragonal phase transitioning to the cu-
bic phase at temperatures equal to or greater than 530 K.[°] How-
ever, several issues remain to be addressed, including insufficient
ionic conductivity at RT, susceptibility to reaction with H, O in the
air, producing toxic H, S, and a relatively narrow electrochemical
stability window. Experimental studies indicate that doping is an
effective strategy for enhancing ionic conductivity. As shown in
Figure 6b, doping at the P site with Sb can expand the unit cell
and channels, thus improving ionic conductivity.!’]

2.4. Halide SEs

Compared to S?7/O%, halide anions exhibit weaker interac-
tions with Na* and possess larger ionic radii, which facili-

tates the formation of expansive 3D frameworks conducive to
ion transport.[®®) Consequently, halide SEs not only inherit the
high electrochemical oxidative stability of oxides, but also of-
fer advantages such as improved deformability and mechanical
sintering.[®]

Halide SEs can be generally represented as Na;MX, (M =Y,
Zr, Al, Sc, Er; X = F, Cl, Br, I), where both M and X can con-
sist of one or multiple elements. Variations in the radii of M and
X give rise to different crystal structures, including trigonal P-
31¢, monoclinic P2, /n, and monoclinic C2/m phases.[”%! As illus-
trated in Figure 7, the crystal structure of halide SEs is primarily
composed of stable NaX; and MX, octahedra, and the manner in
which NaX, units are connected influences Na* migration path-
ways and transport properties.[’!]

Due to their wide electrochemical stability window and
compatibility with high-voltage CAMs, halides are considered
promising SEs.[*872] First-principles calculations have revealed
that the oxidative stability limits of Na,YCl; (NYC) and Na,YBr,
(NYB) are 3.75 and 3.36 V, respectively, which are significantly
higher than those of previously reported sulfide SEs, such as
NPS (2.25 V) and Na;AsS, (2.1 V).[”71 Subsequently, Yu et al.

Figure 7. The crystal structure of a) Na;YClg and b) Na;YBrs. Reproduced with permission.[”!l Copyright 2020, American Chemical Society.
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employed grand potential diagrams to evaluate the electrochem-
ical stability windows of Na;MX; (X = Cl, Br, or I) as a function
of Na chemical potential, the oxidative stability generally follows
the trend: Na,MCl, > Na;MBr, > Na;MI,.["]

Various strategies have been reported to enhance the ionic
conductivity of halide SEs. For example, aliovalent substitution
has been employed to optimize crystal structure parameters and
introduce additional vacancies, thereby facilitating Na* migra-
tion and improving ionic conductivity. Zr** is among the most
commonly used dopants, as demonstrated in Na,  Er,  Zr Cl;
and Na, .Y, Zr Cl,.* Additionally, anionic mixing has been ex-
plored to further enhance conductivity.””] For instance, Inoishi
et al. introduced polyanionic SO,?~ into Na,ZrCl, to weaken the
bonding between Na* and Cl-, leading to the synthesis of a supe-
rionic conductor, Na ¢, Zr(SO,), 35Cl,, with an ionic conductivity
of 1.6 mS cm™1.I%] From a structural perspective, Na* in amor-
phous SEs are randomly distributed rather than confined within
fixed channels or planes, resulting in higher ionic conductivity
and softer mechanical properties compared to their crystalline
counterparts.l”’78] Lin et al. reported amorphous Na* conductors
based on a mixed halide-oxide framework (Na,0,-MCl,, M = Hf,
Zr, and Ta).3%) Through dual-anion chemistry and the synergis-
tic effects of bridging and non-bridging oxygen species, rapid Na*
transport was achieved, yielding an ionic conductivity as high as
2mS cm™! at RT (25°C).

2.5. Hydride SEs

Hydrides represent a class of SEs that remain largely unexplored;
however, they exhibit highly attractive material properties, in-
cluding compatibility with Na metal anodes, low density, soft
mechanical characteristics, and excellent thermal and chemical
stability.[”>-81] With the discovery that complex hydrides contain-
ing larger anions can achieve significantly enhanced ionic con-
ductivity, their application as SEs in ASSSBs, has garnered in-
creasing attention.

In 2012, Orimo et al. first reported on the use of complex
hydrides, specifically NaAlH, and Na,AlH,, as SEs for SIBs.3?]
Their conductivities were measured at only 2.1 x 107 and
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6.4 X 107 S cm™! at RT, respectively. This work paved the way
for further research into composite hydrides as SEs for SIBs.

Composite hydride SEs are composed of Na* and polyanions,
with the size of the polyanion significantly influencing the per-
formance of the SE. Compared to smaller anions such as AlH, ",
AlH,~, BH,™, and NH, ", composite hydrides formed from Na*
and larger quasi-spherical anions (such as B, H,,*~, B;,H},%",
CByH,,”, and CB,;H;,”) demonstrate higher ionic conductivi-
ties due to their disordered phase structure (Figure 8a).[228283]
This is partly attributed to the larger anion size, which results in
open frameworks presenting less obstruction to migration path-
ways. Additionally, the highly disordered sublattice and unoccu-
pied Na* sites in the high-temperature phase reduce the energy
barrier for Na* migration and enhance the Na* mobility.8+8%]
As illustrated in Figure 8b, the conductivity of Na,B,,H;, in-
creases sharply by nearly three orders of magnitude when tran-
sitioning from a tetrahedral to a cubic phase, reaching over
0.1 S cm™! between 540 and 573 K.**#] Based on these prin-
ciples, lowering the phase transition temperature to maintain
a disordered structure at RT can achieve high Na* conductiv-
ity. Furthermore, increasing the anion/cation size ratio presents
another strategy for enhancing conductivity, which can be ac-
complished through anionic chemical modifications, anionic
mixing, and microcrystallization nanostructuring or disordering
methods.[¥-2]

2.6. Summary

SEs for ASSSBs primarily include oxides, sulfides, halides, and
hydrides, each exhibiting distinct characteristics and limitations.
A comparative evaluation of their physicochemical properties is
presented in Figure 9.

Oxide SEs demonstrate high thermodynamic stability and
a wide electrochemical stability window, effectively preventing
oxidative decomposition at high-voltage CAMs. However, their
high Young’s modulus results in significant mechanical rigid-
ity, which can easily induce interfacial cracking during cycling
and lead to poor physical contact with electrode materials. Conse-
quently, high-temperature sintering or interfacial modifications
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Figure 9. Comparison of the differences in physical properties among various SEs.

are typically required to address these issues. Sulfide SEs of-
fer a low Young’s modulus and good interfacial compliance,
coupled with exceptionally high ionic conductivity that supports
rapid charge—discharge operations. Nevertheless, their sensitiv-
ity to air, including tendencies to react with moisture to form
by-products, increases manufacturing costs. Furthermore, under
charging processes, their limited chemical stability may lead to
the formation of an unstable CEL!**] Halide SEs possess relatively
low ionic conductivity but demonstrate high oxidative stability
and good mechanical deformability.[****] However, most halide
SEs are highly hygroscopic, with some undergoing irreversible
chemical degradation upon exposure to ambient atmosphere.*]
Hydride SEs possess the advantages of potentially high ionic con-
ductivity and lightweight characteristics. However, they are ex-
tremely sensitive to air and moisture, and some hydrides require
a structural transition from an ordered to a disordered phase
at elevated temperatures to achieve high ionic conductivity.*68*
In addition, their complex synthesis processes, the high toxicity
of precursors, and the still unclear ion migration mechanisms
severely limit their practical application in ASSSBs.[*”]
Considering key performance metrics such as ionic conduc-
tivity, chemical and electrochemical stability, and interfacial com-
patibility, NASICON-type oxides (e.g., NZSP) and sulfides (e.g.,
NPS) currently appear to be the most promising candidates for
commercial application. To address the high rigidity and poor
interfacial contact of oxide SEs, strategies such as introducing
flexible interfacial buffer layers, employing gradient interfaces,
or designing micro/nanostructures can be used to relieve stress
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and improve interfacial adhesion. For sulfide SEs, issues related
to chemical stability and interfacial side reactions can be mit-
igated by constructing stable interfacial protective layers, opti-
mizing electrode architectures, and using low—working-potential
CAM s to suppress undesirable reactions and enhance long-term
cycling stability. Future research can further advance SE perfor-
mance along two complementary directions: at the structural de-
sign level, optimizing transport kinetics by constructing multi-
dimensional ion channels, increasing charge carrier concentra-
tion, modulating lattice spacing, and weakening ion-lattice inter-
actions; at the materials engineering level, employing strategies
such as doping, solid solution formation, and nanostructuring to
simultaneously enhance ion migration efficiency and chemical
stability. The evaluation framework established in this study pro-
vides a systematic reference for balancing performance metrics
and guiding the selection of SEs for practical applications.

3. Cathode Active Materials (CAMs)

The CAM serves as the host for Na* storage and transport, with
its theoretical capacity and operating voltage being the key de-
terminants of the battery’s energy density. The specific capacity
of an CAM is governed by its molecular weight and number of
available electrons in the valence band; low molecular weight and
high number of “valence” electrons contribute to high specific ca-
pacity. Moreover, a high specific capacity coupled with a high op-
erating voltage further enhances the specific energy. The cycling
stability of CAMs depends on their structural stability, which is
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Figure 10. Comparison of the electrochemical performance parameters and physical properties of various types of CAMs.

typically influenced by factors such as crystal structure, charge—
discharge depth, and fabrication processes. Additionally, the rate
capability of the CAM is affected by kinetic factors, including ion
diffusion rates and electronic conductivity. Accordingly, we com-
pared the key electrochemical performance parameters and man-
ufacturing costs of common CAMs (as shown in Figure 10).

To date, the development of CAMs has been primarily fo-
cused on liquid-electrolyte, SIBs. Research efforts have been con-
centrated on issues such as the formation of the CEI, volume
changes of the CAM, migration and dissolution of transition met-
als, and phase transformations. However, the transition from lig-
uid electrolyte to ASSSBs imposes different requirements on the
properties of CAMs due to the distinct characteristics of solid and
liquid electrolytes, including differences in electrochemical sta-
bility and mechanical strength.

In the following sections, we will provide a comprehensive
overview of the properties of various types of CAMs and the
current research trends in their application for ASSSBs, Table 1
summarizes the electrochemical performance of various CAMs
in ASSSBs. Specifically, we will discuss layered transition metal
oxides, sulfides, halides, and organic CAMs, highlighting their
Na storage mechanisms. Additionally, we will explore the design
strategies for each type of CAMs, their advantages and limita-
tions in ASSSBs, and propose potential solutions to address these
challenges.

3.1. Insertion-Type CAMs

Insertion-type CAMs represent the mainstream choice for
SIBs, primarily including layered or tunnel-structured oxides
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(e.g., Na, ,,MnO,, NaMnO,, and Na,Ti,0,!"812%))  polyanionic
compounds (e.g., Na,V,(PO,); (NVP)[1$170)) and PBAs (e.g.,
Na, Fe[Fe(CN)] ). These CAMs offer advantages such as long
cycle life, superior rate performance, high structural stability, and
a well-established research foundation. However, each class also
exhibits certain limitations. For instance, layered oxides often suf-
fer from phase transitions during cycling and are highly sensi-
tive to moisture; some polyanionic compounds involve relatively
high-cost elements; and PBAs may suffer from structural defects
and lower working voltages. Despite these drawbacks, insertion-
type CAMs have been widely adopted in SIBs due to their stabil-
ity and reversibility. Future research efforts will focus on enhanc-
ing energy density, reducing costs, and optimizing environmen-
tal adaptability.

3.1.1. Oxide CAMs

Transition metal oxides (Na,MO,,x <1, M =Mn, Nj, Fe, Co, T, V,
Cr, etc.) have attracted significant attention as CAMs for SIBs due
to their high energy density and ease of synthesis. Based on their
structural characteristics, Na,MO, can be categorized into lay-
ered transition metal oxides and tunnel-type oxides. The layered
structure consists of alternating sodium and transition metal lay-
ers, where the transition metal forms MO, octahedra composing
the transition metal layers, while Na* occupy interlayer positions.
Depending on the coordination environment of Na* (octahedral
or prismatic) and the number of transition metal layers per unit
cell, layered oxides can be further classified into P2, P3, 02, and
03 structures.'?? In contrast, tunnel-structured Na,MO, adopts
an orthorhombic framework composed of MO, octahedra and
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Table 1. Summary of the electrochemical performance of different types of cathodes in ASSSBs.
Sodium storage Categories Formula Voltage range Initial efficiency [%] Performance Ref.
mechanisms
Insertion-type Oxide Naj gsMng s Niy 4Fey ; O, 2.0-4.0V 99.9% 86.58 mAh g~! [36]
(vs. Na*/Nay5Sn,) (0.1C) 0.2C, 700 cycles
Nag g6 Nig 33Mng 6,0, 2.5-3.8V / 52.2 mAh g’1 [98]
(vs. Na*/Na) 6C, 10000 cycles
NaCro, 2.03.25V 38.89% 68 mAh g 199]
(vs. Na*/Na) (0.05C) 0.2C, 250 cycles
Nag g7 Nig,3Mgg 1Mng 6,0, 2.0-45V / 47 mAh g_1 [100]
(vs. Na*/Na) 48 mA g~', 1000 cycles
Na,CoO, 2.0-42V / 112 mAh g [101]
(vs. Na*/Na) 0.15C, 100 cycles
Polyanionic Na3V, (PO,);3 2537V 97.5% ~90 mAh g~! [102]
compounds (vs. Na*/Na) 0.2C) 10C, 10000 cycles
Na,Ti, (PO,)s 1525V 90.99% ~100 mAh g~ [103]
(vs. Na*/Na) (0.1C) 0.1C, 50 cycles
Na;V,0,(PO,),F@rGO 2.5-45V / 88.1% (capacity retention) [104]
(vs. Na*/Na) 4C, 1000 cycles
Nay,5Fe; 5 (SO4)s 1.5-4.0V / 87.2 mAh g~ (80°C) [105]
(vs. Na,Ti;O;) 2C, 100 cycles
NaFePO,/C 1.5-4.0V 98% 131 mAh g_1 [106]
(vs. Na*/Na) (0.2C) 0.2C, 1 cycle
Na, (VOPO,),F 25415V 91.4% 78 mAh g~ [107]
(vs. Na*/Na) (0.1C) 0.2C, 800 cycles
Prussian blue HQ-NaFe 2.0-42V / 84.6% (capacity retention) [108]
analogues (vs. Na*/Na) 1C, 1100 cycles
Na,MnFe(CN)¢ 2.5-40V 96% 89.2% (capacity retention) [109]
(vs. Na*/Na) (0.1C) 0.5C, 200 cycles
Fe4[Fe(CN)gls 1.25-4.25V / 84.6% (capacity retention) [170]
(vs. Na*/Na) 0.05 mA cm™2, 20 cycles
Conversion-type Sulfide/halide NPS-nano-Na,S-C 0.5-3.0V / 438.4 mAh g~! [
(vs. Na*/Na-Sn-C) 50 mA g1, 50 cycles
NiCl, (Ni@RGO) 20-28V / 132.7 mAh g_1 [112]
(vs. Na*/Na) 0.6C, 500 cycles
FeF, 1.2:40V 65.2% 150 mAh g~ [113]
(vs. Na*/Na) (0.1C, 60°C) 0.1C, 100 cycles
FeF, 1.2-40V / > 175 mAh g’ [114]
(vs. Na*/Na) 96 mA g~', 100 cycles
FeF; 1.2-40V / 145 mAh g_] [115]
(vs. Na*/Na) 110 mA g, 90 cycles
Other Organic Na,C¢Of 1.5-2.6V 99% 107 mAh g™! [47]
(vs. Na*/Nay5Sn,) (0.1C, 60°C) 0.2C, 400 cycles
PTO 1130V 82% 294.88 mAh g~ [116]
(vs. Na*/Na) (0.1C, 60°C) 0.1C, 100 cycles
PBQS 1.0-3.8V / 182.24 mAh g~ 17

(vs. Na*/Na)

50 mA g1, 100 cycles

MOy square pyramids, with Na* residing in S-shaped and pen-
tagonal tunnels formed by MO; pyramids and MO, octahedra.
The electrochemical and physicochemical properties of differ-
ent Na,MO, structures vary significantly due to their structural
differences. O3-type Na,MO,, for instance, offers a higher the-
oretical capacity due to its abundant Na* insertion sites. How-
ever, charge-discharge cycling induces multiple phase transi-
tions, such as O3-P3, which introduce energy barriers affecting
bulk ionic diffusion. Additionally, significant structural changes
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during multiphase transitions can lead to structural collapse, ulti-
mately resulting in severe capacity degradation and reduced cycle
life. In contrast, P2-type materials exhibit enhanced cycling sta-
bility due to their resistance to phase transitions. The transfor-
mation between P2 and other phases requires MO, octahedral
rotation and M—O bond breaking, which is kinetically hindered.
Consequently, P2-phase materials undergo minimal structural
change during Na* insertion/extraction, contributing to their
superior cycle stability.'?*] Furthermore, the larger interlayer
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spacing of P2-phase materials facilitates Na* diffusion, as Na ion
migrates between adjacent prismatic sites, leading to excellent
rate capability.[1?*12] However, their lower Na content results in
reduced specific capacity, necessitating additional pre-sodiation
treatments. Furthermore, sodium layered transition metal oxides
are prone to react with H,O and CO, in ambient conditions, lead-
ing to material expansion, cracking, and deterioration of electro-
chemical performance.['?] As a result, an inert atmosphere is
required during handling and processing, increasing manufac-
turing and transportation costs. Unlike most layered transition
metal oxides, tunnel-type transition metal oxides exhibit superior
structural stability both in air and during Na (de)intercalation.
However, their inherently low initial sodium content limits their
theoretical capacity, posing a significant challenge for practical
applications.

The application of oxide CAMs in ASSSBs faces several chal-
lenges: 1) The oxidation potential of oxides significantly exceeds
the oxidative decomposition potential of sulfide SEs, leading to
the formation of an irreversible resistive interfacial layer, partic-
ularly in the presence of conductive carbon. 2) A high-resistance
space-charge layer is typically formed at the interface between
the oxide CAM and an electrolyte with lower chemical poten-
tial, impairing ion transport. 3) The high Young’s modulus of
oxide CAMs generates substantial interfacial stress during cy-
cling, which can disrupt mechanical contact between the CAM
and SE particles, causing ion transport pathways to fail. These
interfacial issues can be mitigated by applying protective coat-
ings on CAMs or introducing a buffer layer between the CAM
and SE. However, these solutions increase processing costs,
and additional interfaces may negatively impact ionic diffusion
kinetics.

3.1.2. Polyanionic Compounds

Polyanionic materials have been extensively studied as cathodes
for SIBs due to their high structural stability, thermal safety, and
elevated operating voltage, which arise from the strong inductive
effects of highly electronegative anionic groups.

Currently available polyanionic compounds primarily in-
clude phosphates (e.g., NaFePO, and NVP), pyrophosphates
(e.g., Na,MP,0, and Na,M,(PO,),P,0,), fluorophosphates (e.g.,
Na,MPO,F and Na,;(VO,),(PO,),F;,,, where M = Fe, Co, Mn),
and sulfates (e.g., Na,Fe,(SO,); and Na,Fe(SO,),-2H,0).11?7]
However, due to the separation of metal polyhedra and the
strong electronegativity of anions, these CAMs generally ex-
hibit poor electronic conductivity, which limits electron transport
rates and increases electrochemical polarization. Consequently,
polyanionic compounds typically suffer from inferior rate
performance.

To address these limitations, various strategies have been em-
ployed to enhance reaction kinetics and improve rate capabil-
ity. These approaches include carbon incorporation, nanoparticle
downsizing, and the design of porous micro-/nanostructures.!'?®]
The nanoscale reduction of particle size significantly shortens the
Na* diffusion pathways within the bulk material, while porous
architectures increase the specific surface area and expand the
electrode-electrolyte contact interface, thereby facilitating more
efficient ion and electron transport.
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3.1.3. PBAs

PBAs, with the general chemical formula A M1[M2(CN),]-zH,0O
(where A represents an alkali metal, and M1 and M2 are tran-
sition metals), have attracted significant attention as CAMs for
SIBs due to their open-framework structure, higher theoretical
capacity, and low cost.['?13% For instance, Na,Fe[Fe(CN),] can
deliver a specific capacity of ~#160 mAh g~! with an average op-
erating voltage of 3.10 V,[3!] while Na,Mn[Mn(CN)] exhibits a
highly reversible capacity of 209 mAh g=1.[132]

However, the inherent poor electronic conductivity and struc-
tural disorder of PBAs typically require strategies such as cation
doping, transition metal substitution, and compositing with con-
ductive carbon materials (e.g., coating or supporting) to improve
their electrochemical performance.!'33-1%¢] For example, Goode-
nough et al. nucleated PBA nanoparticles on carbon nanotubes
(CNTs), where the CNT network provided superior electrical
connectivity between the anchored PBA nanoparticles and the
current collector, achieving a specific capacity of 142 mAh g!
and an energy density of 408 Wh kg=1.[1*] While this strategy
improves conductivity, it also reduces the proportion of CAM,
thereby compromising overall energy density. In recent years,
a novel approach involving the introduction of a high-entropy
strategy into crystal structures has been proposed to signifi-
cantly enhance the electrochemical properties of PBAs.[137-13]
Ma et al. developed a high-entropy Na, (FeMnNiCuCo)[Fe(CN);]
(HE-PBA) via a straightforward co-precipitation method, where
the incorporation of five equimolar transition metal cations into
nitrogen-coordinated lattice sites achieved a marked increase
in the system’s configurational entropy.'**] This structural de-
sign demonstrated near-zero strain characteristics during Na
(de)intercalation, leading to significantly improved cycling stabil-
ity and rate capability.

More critically, the intrinsic water content of most PBAs, typi-
cally =15 wt.%, is difficult to fully eliminate. This residual water
can trigger severe side reactions in ASSSBs, leading to poor cy-
cling stability, particularly when paired with moisture-sensitive
SEs such as sulfides.[10:141]

3.2. Conversion-Type CAMs

Conversion-type CAMs represent a crucial class of cathodes for
SIBs, with their Na storage mechanism based on reversible con-
version reactions. These reactions involve phase transformations
between sodium and various compounds—such as metal oxides,
sulfides, and halides—during charge and discharge. Compared
to conventional insertion-type CAMs, conversion-type CAMs
generally offer higher theoretical specific capacities. However,
they face significant challenges related to cycling stability, elec-
trochemical reversibility, and sluggish reaction kinetics.

3.2.1. Sulfide CAMs

MS, has garnered significant attention in SIBs due to their high
theoretical capacities and environmental compatibility. Their Na
storage mechanisms typically involve multi-electron processes,
including intercalation, conversion, and in some cases, alloy-
ing reactions.['*?] For materials such as MoS,, WS,, FeS_, CoS,,
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and NiS,, sodiation generally proceeds via a combination of in-
tercalation and conversion, with Na,S and metallic M as the
primary products. In contrast, sulfides such as Sb,S; undergo
intercalation-conversion-alloying reactions, yielding final prod-
ucts such as Na,S and Na M.['**] NDbS,, on the other hand,
stores Na through a pure intercalation mechanism, with the M—S
framework remaining intact throughout cycling. This structural
retention enables excellent electrochemical stability and cycling
performance.[1#+1%]

MS, with multi-step reaction mechanisms generally possesses
higher theoretical specific capacities. For example, Sb,S; has a
theoretical capacity of 946 mAh g~!. However, this advantage is
inevitably accompanied by significant volume changes (>400%)
during cycling, leading to structural collapse and rapid capac-
ity fading.[1*6-18] Additionally, MS face challenges such as low
electrical conductivity and limited ionic diffusion coefficients. To
address these issues, carbon modification and nanostructuring
strategies are commonly employed.'"**) Carbon materials are con-
sidered ideal additives for buffering the significant volumetric
changes during cycling. Furthermore, their excellent electrical
conductivity can effectively compensate for the poor conductiv-
ity of MS,.. Meanwhile, materials with nanoscale structures can
reduce electron transport distances, shorten ionic diffusion path-
ways, and mitigate the mechanical stresses induced by large vol-
ume fluctuations during repeated sodiation/desodiation.

It is worth noting that when MS, is utilized in sulfide SE bat-
tery systems, it can effectively mitigate the (electro)chemical in-
compatibility between electrodes and electrolytes. This, to some
extent, alleviates the degradation of electrochemical performance
caused by interfacial issues.

3.2.2. Halide CAMs

In addition to metal oxides and sulfides, metal halides (MHs)
have emerged as promising electrode materials in battery chem-
istry due to their high abundance and versatile properties. The
electronegativity of halide ions is comparable to that of chalco-
genide ions, enabling stable coordination with a wide range of
cations and making MHs suitable for application in rechargeable
batteries. High-performance electrodes based on MHs can be
achieved through appropriate material synthesis and engineer-
ing strategies.

As early as 1997, Shigeto Okada and colleagues reported the
use of MF; (M = Fe, V, Ti, Mn, and Co) as CAMs for LIBs, with
FeF; demonstrating a reversible capacity of 80 mAh g, corre-
sponding to 34% of its theoretical capacity for the Fe**/Fe?* re-
dox couple.l>® Subsequently, the electrochemical performance
of these cathodes was investigated in SIBs. Experimental re-
sults revealed that FeF; with a carbon coating delivered a dis-
charge capacity of 145 mAh g=!, achieving 61% of its theoretical
value.l'>! These findings confirmed the feasibility of using MHs
as CAMs in SIBs. Furthermore, a variety of metal fluorides, such
as CuF,, Li;VF, Li,MnF;, Li,CrF, and Li,_, Fe,, Cl, have been
extensively reported as CAMs for LIBs.['5215] This success has
spurred interest in exploring their analogs for SIBs systems. Be-
yond metal fluorides, metal chlorides and bromides, including
NiCl,, NiBr,, FeCl,, ZnCl,, and CuCl,, have also garnered sig-
nificant attention in SIBs research.['21515] For instance, Kim
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et al. demonstrated a novel Na-CuCl, rechargeable battery uti-
lizing a CuCl,/C cathode and an inorganic NaAlCl,-2SO, liquid
electrolyte, achieving an energy density of 580 Wh kg~'. The bat-
tery exhibited a capacity retention of ~75% after 1,300 cycles at
1C.11%¢] Furthermore, they demonstrated that this battery chem-
istry could be extended to other copper halides, including CuF,
and CuBr,. With continuous advancements in battery technolo-
gies, metal halide materials are anticipated to find applications in
ASSSBs.

However, MH materials face several challenges, including
poor structural stability, low electronic conductivity, and re-
stricted ion migration, which significantly limit their perfor-
mance and development. Current studies suggest that lattice
modulation, morphology engineering, and composite electrode
design are effective strategies for addressing these issues.

3.3. Organic CAMs

Organic CAMs have garnered increasing attention due to
their intrinsic advantages, including stable redox properties,
multi-electron reaction mechanisms, and abundant natural
reserves.!'% In the context of ASSSB systems, the low Young’s
modulus of organic CAMs enables intimate interfacial contact
with SEs, thereby improving cycling stability and mitigating is-
sues associated with the dissolution and shuttle effects of small
organic molecules in liquid-phase systems.[°1162] For instance,
Fang et al. demonstrated that the low-elastic-modulus PTO or-
ganic cathode (4.2 + 0.2 GPa) maintained close interfacial con-
tact with NPS throughout cycling, overcoming mechanical stress
and achieving up to 500 cycles of stable performance.[!*°!
Compared to inorganic CAMs, organic materials offer sev-
eral additional benefits. First, they are typically synthesized us-
ing mild methods, such as polymerizations at room or moder-
ate temperatures, which reduce energy consumption and CO,
emissions. Second, organic compounds can be directly extracted
from biomass or synthesized without generating excess CO,, of-
fering environmental friendliness and cost-effectiveness.[163164]
Many organic compounds store Na* through redox mechanisms,
exhibiting faster reaction kinetics than inorganic intercalation
CAMs, making them potential candidates for high-power elec-
trodes. Moreover, organic materials feature high specific capaci-
ties due to their multi-electron reactions, moderate operating po-
tentials owing to redox-active functional groups, and high spe-
cific energy and intrinsic safety. For example, Song et al. re-
ported that poly(benzoquinonyl sulfide) (PBQS) achieved a high
energy density of 557 Wh kg™ (2.08 V x 268 mAh per g of CAM)
in rechargeable sodium batteries, surpassing most intercalation-
type inorganic CAMs.[''”] However, organic materials also face
significant challenges. Their low density reduces the volumet-
ric energy density of ASSSBs. More critically, nearly all organic
materials are electrical insulators, severely limiting the utiliza-
tion of CAMs and rate performance. A common approach to
address this issue involves adding substantial amounts of con-
ductive materials to enhance electron transport within the elec-
trode and improve CAM utilization. Yet, the low mass density
and large surface area of organic materials necessitate excessive
conductive material, which significantly reduces the proportion
of CAM in the cathode and adversely impacts energy density.!']
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While organic polymers often exhibit good conductivity, particu-
larly conductive polymers, their theoretical and reversible capac-
ities are generally much lower than those of small-molecule or-
ganic compounds. This limitation arises from the fact that redox
reactions in polymers are typically governed by a p-doping and
dedoping mechanism involving large electrolyte anions, which is
characterized by low doping levels and slow kinetics and charge
balancing electrolyte amounts, resulting in the overall poor ca-
pacity performance.[1%]

3.4. Summary

In ASSSBs, the selection of CAMs critically determines energy
density, cycling stability, and rate capability of the cells. Insertion-
type CAMs—including conventional layered oxides, polyanionic
compounds, and PBAs—typically feature stable crystal frame-
works and enable reversible Na* insertion/extraction reactions.
Currently, most studies employ NaCrO, 1671681 or NVPI169.170] a¢
CAMs due to their excellent cycling stability and good compatibil-
ity with various SEs. However, these materials exhibit relatively
limited energy density, and their operating voltages are mostly
below 4.0 V (vs Na*/Na). Their ionic and electronic conductivi-
ties still require enhancement, which can be achieved through
micro/nanostructure optimization and carbon coating or con-
ductive composite encapsulation to shorten Na* diffusion path-
ways, improve interfacial contact, and establish efficient elec-
tronic transport networks.[!7!]

Layered oxides, with their high specific capacity, high tap den-
sity, the highest voltage of up to 4.5 V (in ASSSBs),!'”?] and facile
synthesis, represent one of the most promising CAM categories
for achieving both high energy density and high operating volt-
age. Nevertheless, oxygen-induced anionic redox reactions read-
ily occur at high voltages (typically above 4.0 V),l'”*] involving
electrochemical activity of O 2p lone-pair states or non-hybridized
2p orbitals.['”*] These anionic redox processes inevitably lead to
oxygen loss from the lattice, irreversible phase transitions, and
structural distortion, ultimately resulting in structural collapse
and capacity degradation.['>17¢] Moreover, in ASSSBs employ-
ing non-oxide SEs, oxygen release accelerates electrolyte decom-
position and side reactions, increasing interfacial impedance and
causing severe voltage hysteresis.

PBAs feature an open 3D framework structure and low Na*
migration barriers, enabling fast charging/discharging with min-
imal voltage hysteresis. However, they generally exhibit limited
specific capacity, and residual water in their structure may com-
promise interfacial compatibility with SEs. It should be noted that
PBAs are easily synthesized, environmentally friendly, and pos-
sess certain cost advantages.

Conversion-type CAMs (mainly sulfides and halides) achieve
high theoretical capacity through chemical conversion reactions,
significantly boosting battery energy density. Sulfide materials,
benefiting from relatively weak M—S bonds, demonstrate favor-
able kinetics during Na* insertion/extraction. However, conver-
sion reactions upon deep charging/discharging can induce vol-
ume expansion exceeding 100%, leading to particle pulverization
and loss of interfacial contact. Halide CAMs, while offering high
theoretical capacity, face challenges such as difficulty in densifi-
cation due to intrinsic brittleness and high synthesis costs.
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Organic CAMs, with advantages of light weight, tunable chem-
ical structures, and low density, show potential for high spe-
cific energy and environmentally benign battery designs. How-
ever, they generally exhibit lower operating voltage than inor-
ganic CAMs, along with insufficient Na* mobility and electronic
conductivity, pronounced voltage hysteresis, and poor cycling
stability. Although organic materials are typically low-cost and
renewable, their performance is highly sensitive to processing
conditions.

In ASSSBs, insertion-type materials are generally preferred
as CAMs, with oxide insertion-type materials being particularly
prominent due to their low cost, high operating voltage, and
high energy density. Although interfacial issues may arise when
these materials are in contact with SEs—such as severe interfa-
cial delamination with oxide SEs or side reactions with sulfide
SEs—these challenges can be partially mitigated through hot-
pressing techniques or surface coating of the CAM. Additionally,
sulfide CAMs also exhibit competitive advantages, not only offer-
ing high theoretical capacities but also forming more stable inter-
faces when paired with fast-ion-conducting sulfide SEs. Notably,
in solid-state sodium-sulfur batteries employing S as the CAM,
a cathode-specific capacity exceeding 1600 mAh g~' has been re-
ported, demonstrating the considerable potential for high energy
density.

4. Challenges in ASSSB Cathodes: Interfacial
Compatibility and lonic Transport

During the solidification process of batteries, researchers have
primarily focused on modifying and designing SEs with high
ionic conductivity, often neglecting the series of interface issues
arising from the solid-solid contact between the SE and CAM
when assembled into a battery. These interfacial issues typically
include voids resulting from rigid contact or insufficient densifi-
cation, as well as chemical and electrochemical reactions between
the CAM and SE, which lead to high interfacial resistance and
even structural degradation of the SE and/or the CAM.

4.1. General Challenges
4.1.1. Chemo-Mechanical Effects

The preparation of ASSSBs involves a pressure molding process,
which includes mixing CAM with SE powders to form the com-
posite cathode, followed by sequentially stacking the composite
cathode, SE, and anode to construct the battery. Even though SEs
with good ductility, such as sulfide SEs, are used, seamless inter-
face contact cannot be achieved through cold pressing alone. This
inevitably results in the formation of voids, leading to insufficient
contact areas and limited ion transport pathways, which increase
polarization during charge and discharge cycles. On the cathode
side, this polarization significantly elevates the risk of oxidative
decomposition of the SE. Additionally, volumetric or morphologi-
cal changes driven by (electro)chemical processes during cycling
have profound effects on performance and degradation.l'’”] On
the cathode side, such changes are primarily associated with Na*
deintercalation from the CAM, with the extent depending on the
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depth of charge/discharge. However, interfacial side reactions be-
tween the CAM and the SE, as well as the decomposition of the
SE itself, also contribute to volumetric changes. These changes
can cause particle cracking and the formation of voids between
SE and CAM particles, resulting in contact loss and increased
tortuosity.'’8] Such issues severely impede ion and electron dif-
fusion kinetics, ultimately leading to poor electrochemical perfor-
mance and rapid capacity fading. Therefore, in ASSSB systems,
it is crucial to account for common (chemo-)mechanical effects,
such as particle-to-particle stress and expansion/contraction of
CAMs.

Traditional insertion-type CAMs exhibit minimal volumetric
changes due to their unique crystal structures and reversible ion
storage mechanisms. During ion insertion and extraction, the
crystalline framework remains largely intact, undergoing only
lattice distortion or phase transitions, resulting in negligible vol-
ume changes. In contrast, conversion-type materials experience
significant volumetric changes due to bond breaking and the for-
mation of new phases. Notably, these changes are not necessar-
ily isotropic; the resulting strain may vary greatly along differ-
ent crystallographic directions, inducing substantial anisotropic
stress and mechanical damage.!17%18]

Given the impact of (chemo-)mechanical processes on bat-
tery performance, strategies to mitigate degradation mechanisms
are essential. Two primary approaches can be adopted. First, the
structural stability of CAMs can be enhanced through modifi-
cation, such as doping and coating."8182] For instance, Zhang
et al. designed 03-Na,Ni,;,Zn, osFe,,Mn,,Ti;,0, (ZT-NFM)
to regulate phase transitions for stable cycling. Zn doping trig-
gered O/P coexisting phase transitions (P3-OP2), alleviating in-
ternal lattice strain during cycling. Meanwhile, the flexible TiO
octahedra buffered internal deformation of other TMO, octahe-
dra, effectively suppressing microcracks in ZT-NFM and enhanc-
ing structural integrity for long-term cycling stability.'83] Sec-
ond, the structural design of CAMs, such as nanostructuring,
porosity engineering, or hollow structures, can buffer volumetric
expansion.l'® However, these high-porosity materials increase
the electrode’s volume to some extent, which conflicts with the
pursuit of high volumetric energy density. Therefore, the develop-
ment of material combinations that minimize or even eliminate
detrimental (chemo-)mechanical effects in solid-state composite
cathodes is of paramount importance.

4.1.2. Electro-Chemical Effects

In addition to the dominant role of (chemo-)mechanical effects,
the electro-chemical compatibility between CAMs and SEs repre-
sents another critical challenge. From a chemical perspective, the
ideal scenario for battery operation is achieving thermodynamic
stability at the interface between CAMs and SEs upon contact.
However, a chemical potential difference typically exists between
SEs and CAMs, leading to spontaneous reactions at the CAM-SE
interface. These reactions result in the formation of a CEI on the
cathode side. The reaction products can be categorized as ionic
conductors or mixed conductors (i.e., conducting both ions and
electrons). These latter pose a significant risk as their electronic
conductivity enables continuous reactions with the electrolyte, ul-
timately depleting the electrolyte and causing structural collapse,
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leading to battery failure.!'®] To mitigate cathodic side reactions,
the application of stable oxide coatings on CAMs, the incorpo-
ration of specific buffer layers, and the design of optimized SE
structures have been shown to improve interfacial stability.

Composite cathodes, comprising CAM, SEs, current collec-
tors, binders, and conductive additives, inherently generate mul-
tiple interfaces. Among these, the interfaces between electronic
and ionic conductors facilitate electrochemical reactions. Al-
though SEs and electronic conductors are typically chemically
inert, oxidative decomposition of the SE may still occur at
the interfaces with conductive additives and current collectors
when the operating voltage exceeds the intrinsic stability win-
dow of the electrolyte!’’”]. This process results in the formation
of a complex CEI, which significantly increases charge trans-
fer resistance.8-18] Oh et al. demonstrated that when charged
beyond 4.5 V, Li,,GeP,S,;, (LGPS) undergoes continuous elec-
trochemical decomposition at its interface with the carbon ad-
ditive, acetylene black, leading to irreversible capacity loss.!'®!
Additionally, increasing the carbon content in the composite
cathode exacerbates interfacial resistance and reduces the ini-
tial Coulombic efficiency during the first cycle. This effect is at-
tributed to the accelerated decomposition kinetics of the SE on
carbon surfaces."®”] Thus, the judicious use of high electronic
conductivity materials in composite cathodes is critical for min-
imizing SE decomposition while maintaining high cathode per-
formance. Koerver et al. further revealed that in batteries utiliz-
ing NCM811, increasing the voltage from 4.3 V to 4.8 V during
prolonged cycling induces the continuous growth of the CEI and
oxidation of the SE on the current collector, ultimately leading
to capacity degradation.['®] These findings highlight how elec-
trochemical side reactions constrain the operational voltage win-
dow of batteries, reducing both capacity and energy density. Such
limitations contradict the fundamental objectives of developing
high-performance ASSSBs.

4.1.3. Cathode Microstructure and Charge Transport

The electrochemical performance of ASSSBs is largely governed
by the microstructure of the composite cathode, which directly
dictates the transport behaviors of both ions and electrons. Typi-
cally, the composite cathode consists of CAM, SEs, and conduc-
tive additives. The spatial distribution, particle size, and interfa-
cial contact among these components collectively regulate the ki-
netics of charge storage and release.l9191]

Efficient Na* conduction relies on the formation of continu-
ous and interconnected SE networks within the composite cath-
ode. However, pores and discontinuous contacts severely hinder
ion migration, increase transport tortuosity, and induce polar-
ization. In high-loading cathodes, the increased CAM content
and reduced SE fraction further interrupt ion-conduction path-
ways and limit the effective penetration depth, thereby reduc-
ing CAM utilization.['%193] [n the process of charge transport,
the microstructure and particle size of the CAMs play a deci-
sive role.'*] It has been reported that combining small SE par-
ticles with spherical CAM particles, while maintaining a large
CAM/SE particle size ratio, is conducive to achieving high pack-
ing density."*1%! Such a configuration can effectively reduce
pore formation and increase the interfacial contact area, thereby
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enhance the energy density. In addition, the influence of crys-
tal structure should not be overlooked, particularly the differ-
ences in charge transport behavior between single-crystalline and
polycrystalline CAMs. Single-crystalline particles possess contin-
uous lattice structures that allow Na* to migrate without crossing
grain boundaries, thereby avoiding dislocation-related barriers
commonly found in polycrystalline materials and significantly
enhancing the intrinsic electrochemical performance. However,
if the particle size of single crystals is excessively large, the ion
diffusion pathway becomes extended, thus limiting the kinet-
ics of electrochemical reactions. In contrast, polycrystalline parti-
cles, despite containing numerous grain boundaries, can locally
shorten the diffusion distance and improve ionic transport ki-
netics. In solid-state environments, the rigid mechanical support
and interfacial confinement of SEs help suppress structural frac-
ture in polycrystalline frameworks.!'%] Nevertheless, particle ag-
glomeration of both CAMs and SEs within composite cathodes of
ASSSBs leads to heterogeneous charge distribution among poly-
crystalline CAM particles, which may further induce structural
degradation.!'®] Therefore, employing single-crystalline materi-
als with precisely controlled particle sizes can achieve a balance
between cycling stability and structural integrity, while main-
taining favorable ionic diffusion kinetics in solid-state systems.
Within SEs, grain boundaries represent intrinsic defects and are
widely regarded as major barriers to Na* transport.'”] First-
principles calculations and phase-field simulations strongly sup-
port this view, demonstrating that the energy barrier for Na* mi-
gration across NPS grain boundaries (0.580 eV) is approximately
ten times higher than that for bulk diffusion (0.058 V). In
addition, significant volume changes occur during Na‘* inser-
tion and extraction in certain CAMs, especially in conversion-
type CAMs, which tend to generate in situ voids and microc-
racks, thereby disrupting the ion-transport network. This issue
becomes more severe in high-loading cathodes, where longer
diffusion pathways and the formation of cracks or voids readily
create transport bottlenecks. Therefore, strategies such as grain-
boundary modification and porosity reduction are essential to
effectively lower interfacial resistance and sustain efficient Na*
transport.[1021%]

Electron transport, on the other hand, is primarily governed by
the intrinsic electronic conductivity of the CAM and the distribu-
tion of conductive additives. Many polyanionic and layered oxide
cathodes suffer from inherently low electronic conductivity, ne-
cessitating the introduction of carbon-based additives. However,
excessive carbon can induce oxidative decomposition of sulfide
SEs, accelerating capacity fading. In high-loading cathodes, elec-
tronic transport is further constrained, as the proportion of con-
ductive agents is limited and electrons cannot efficiently reach
the current collector through the thick electrode, resulting in
severe potential gradients and polarization.?**2%1 Constructing
continuous and stable conductive networks while maintaining
interfacial chemical stability is therefore critical to enhancing
electronic transport.

The transport of Na* and electrons within the compos-
ite cathode is strongly coupled, and effective charge trans-
fer can only be achieved when intimate contact is estab-
lished at the CAM-SE-carbon triple-phase boundary. However,
unavoidable chemo-mechanical effects during cycling—such
as anisotropic lattice strain, particle cracking, and volumet-
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ric expansion/contraction—can disrupt the transport networks,
leading to interfacial failure and increased charge-transfer re-
sistance. These challenges are exacerbated in high-loading cath-
odes, where the transport channels deep within thick electrodes
are more prone to stress accumulation and rupture, thereby lim-
iting capacity utilization. Intercalation-type cathodes typically ex-
hibit smaller structural distortions due to their robust host frame-
works, whereas conversion-type cathodes often suffer from se-
vere anisotropic stress, which rapidly deteriorates charge-transfer
pathways.

To mitigate these challenges and improve charge transport in
ASSSB composite cathodes, various microstructural engineer-
ing strategies have been proposed. For example, reducing par-
ticle size or constructing nanostructures can shorten Nat dif-
fusion pathways, though this often comes at the expense of in-
creased interfacial reactivity.'**! Surface coatings or buffer lay-
ers can stabilize the CAM-SE interface and preserve a contin-
uous transport network.[*”) Furthermore, rational optimization
of the CAM/SE/conductive additive ratio has been demonstrated
to balance energy and power densities while simultaneously re-
ducing polarization and tortuosity.??! Nevertheless, for high-
loading cathodes, additional strategies such as developing hi-
erarchical conductive networks, constructing vertically aligned
ion/electron transport channels, and enhancing packing density
through compaction are required to ensure efficient charge trans-
port throughout the thick electrode. Building on this foundation,
developing dual-functional SEs that possess both Na* conductiv-
ity and reversible redox activity has emerged as a highly promis-
ing strategy. By enabling the originally inactive SE components
to contribute partial capacity, this approach can effectively allevi-
ate the trade-off between ionic conductivity and energy density.
Overall, the rational design and optimization of composite cath-
ode microstructures are indispensable prerequisites for realiz-
ing ASSSBs with high energy density, superior rate performance,
and long cycle life.

4.2. Critical Challenges of Oxide SE-Based ASSSBs

Oxide SEs exhibit high thermodynamic stability, a wide elec-
trochemical stability window, and excellent environmental and
thermal stability, rendering them ideal candidates for high-safety
ASSSBs. However, their high mechanical strength and rough sur-
face characteristics present significant challenges for achieving
intimate interfacial contact.[””) As shown in Figure 11, we sum-
marized the challenges faced by oxide SEs in ASSSBs.

In all-solid-state systems, the rigidity of the interface becomes
particularly pronounced when oxide CAMs are paired with ox-
ide SEs.[?®] During the fabrication of composite cathodes, the ox-
ide SE particles—typically brittle ceramics—cannot be fully den-
sified through high-temperature sintering or pressure-assisted
compaction, resulting in the formation of initial porosity. During
subsequent cycling, CAMs undergo volumetric expansion and
contraction, while the rigid oxide SE is unable to effectively buffer
these dimensional changes. This leads to localized stress concen-
tration, further promoting the formation of pores, microcracks,
and interfacial delamination. The presence of porosity and grain
boundaries directly reduces the contact area between CAMs and
SEs, thereby increasing the tortuosity of ionic transport pathways
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Figure 11. Schematic illustration of the critical challenges faced by oxide SE-based ASSSBs during electrode fabrication and after cycling.

and reducing the effective ionic conductivity within the cell.[2
Concurrently, the accumulation of pores contributes to an in-
crease in interfacial impedance. Initially, insufficient contact re-
sults in high interfacial resistance, and as porosity continues to
develop during cycling, interfacial impedance rises further. This
not only weakens the charge transfer efficiency between the CAM
and the SE but may also induce local overpotentials and side re-
actions, accelerating capacity decay.?%

Although co-sintering strategies have been proposed to
improve interfacial contact, their effectiveness in enhancing
ion/electron transport pathways and charge transfer efficiency re-
mains limited.[>*! For instance, Noguchi et al. fabricated a ASSSB
using screen printing and hot-pressing techniques with NVP
as the CAM and NZSP as the SE.[2%] While no significant in-
terfacial side reaction products were observed after 50 cycles,
severe capacity decay occurred within the first five cycles due
to loss of effective contact area between NVP and NZSP, lead-
ing to increased internal resistance. Lalére et al. employed field-
assisted sintering technology/spark plasma sintering (SPS) to
sinter electrodes and integrated NVP/NZSP/NVP cells at 900°C,
obtaining dense self-supporting trilayer structures with good
mechanical properties.?”] The battery operated at 1.8 V and
achieved 85% of the theoretical capacity at 0.1C. However, vol-
ume changes in the NVP lattice during Na* insertion/extraction
still inevitably led to macroscopic crack formation. Evidently,
for dual-oxide systems, co-sintering cannot resolve interfacial
contact failure due to the rigid nature of the particles, while
potentially introducing additional issues such as secondary
phase formation and significantly increased manufacturing
costs.

4.3. Critical Challenges of Sulfide SE-Based ASSSBs
Most sulfide SEs, such as Na,,GeP,S;, and NPS, are limited

by narrow electrochemical stability windows (typically below
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3.0 V vs Na*/Na), which leads to severe interfacial electrochem-
ical incompatibility when paired with high-voltage oxide CAMs
(as shown in Figure 12a).2%] Both theoretical calculations and
experimental characterizations indicate that when the operat-
ing voltage exceeds =~2.5 V, these SEs undergo oxidative de-
composition, generating high-resistance interfacial products in-
cluding elemental S, PS,, P,S;, S—O and P—O bond-containing
compounds.”2%] These products generally function as both ionic
and electronic insulators, forming a resistive layer at the inter-
face that impedes Na* migration, resulting in significant irre-
versible capacity loss and rapid performance degradation. Tak-
ing the NPS/NaCrO, system as an example, theoretical predic-
tions indicate that interfacial reactions generate Na,PO,, NaCrS,,
and the intermediate phase Na,;PSO,. This mechanism has
been experimentally verified: ASSSBs assembled with this sys-
tem can only maintain a limited capacity of ~60 mAh g=1.210
The observed degradation behavior closely resembles the for-
mation mechanism of interfacial resistance layers in all-solid-
state lithium-ion batteries (ASSLBs, e.g., LiCoO, /Li,S-P,S sys-
tems), both arising from continuous interfacial element ex-
change and the formation of stable impurity phases.[?!!l There-
fore, although high-voltage oxide CAMs can enhance energy
density, their practical application in sulfide-based ASSSBs re-
quires interface engineering strategies to suppress these spon-
taneous interfacial reactions and improve long-term cycling
stability.

To mitigate severe interfacial side reactions, low-working-
potential (<3 V vs Na*/Na) transition metal sulfide CAMs—such
as Na, S, TiS,, FeS,, Sb,S,, and MoS,—are widely employed in
sulfide-based ASSSB systems owing to their high theoretical ca-
pacities, excellent interfacial compatibility with SEs, and intrinsi-
cally fast ionic/electronic conductivities.!'':212-215] These materi-
als possess chemical potentials similar to those of sulfide SEs,
theoretically ensuring good interfacial compatibility. However,
in practical systems, significant volume changes lead to inter-
facial contact issues that still markedly limit their performance
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Figure 12. Schematic illustration of the challenges faced by sulfide SE-based ASSSBs when coupled with a) oxide or b) sulfide CAMs.

(Figure 12b). For instance, Hayashi et al. pioneered the devel-
opment of room-temperature rechargeable ASSSBs using inor-
ganic SEs, yet the practical capacity of TiS, cathodes reached only
~40% of their theoretical value.'! This low utilization is primar-
ily attributed to insufficient solid-solid interfacial contact, indicat-
ing that further optimization of ion transport pathways through
electrode structure design and interface engineering remains
essential.

In summary, the main challenges of sulfide SE systems in-
clude: on one hand, high-voltage oxide CAMs induce interfacial
chemical reactions and the formation of high-resistance layers,
limiting capacity and cycling life; on the other hand, even low-
voltage cathodes are constrained by insufficient physical contact
with the SE, which significantly reduces CAMs utilization. Effec-
tive interface engineering and electrode structure optimization
are thus critical to achieving high performance and long-term sta-
bility in sulfide-based ASSSBs.

1

o0 o0

Interfacial reaction

4.4. Critical Challenges of Other Electrolyte-Based ASSSBs

In ASSSBs, hydride and halide SEs exhibit fundamentally sim-
ilar interfacial challenges when paired with CAMs (As shown
in Figure 13). Hydride SEs, owing to their narrow electrochemi-
cal stability window (<2.5 V vs Na*/Na), are prone to interfacial
oxidative decomposition when coupled with high-voltage CAMs
(e.g., layered oxides), thereby forming high-impedance interfa-
cial layers.[167216] Clear evidence has been reported in ASSLB sys-
tems: when LiBH, is employed as the SE in combination with a
LiCoO, cathode, the cell undergoes irreversible decomposition
after ~30 cycles.[?'”] Raman spectroscopy reveals that, alongside
the attenuation of LiCoO, characteristic peaks, new signals corre-
sponding to Co,;0, and CoO(OH) emerge, indicating that LiBH,
readily reacts with the charged state of Li; ,CoO,. This interfa-
cial side reaction leads to a dramatic increase in interfacial resis-
tance, from an initial value of ~400 Q to nearly 10,000 Q after

* Increased interfacial impedance
* Severe polarization
¢ Capacity fading

Interphase formation

Figure 13. Interfacial side reactions between halide and hydride SEs and CAMs.
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30 cycles, ultimately causing rapid performance degradation.
These findings demonstrate that hydride SEs suffer from pro-
nounced chemical instability when interfaced with high-voltage
CAMs.

In contrast, halide SEs possess a high oxidation potential
(>3.5 V vs Na*/Na) and are therefore typically paired with high-
voltage CAM (i.e., oxide CAMs). However, they can still face var-
ious interfacial challenges.!?!®! For instance, during the charging
process, halide SEs can react with highly reactive O species re-
leased from layered oxide CAMs. These processes can lead to
interfacial chemical instability, the formation of electronically
insulating byproduct layers, or alterations in the cathode sur-
face structure, thereby increasing interfacial resistance and re-
ducing cycling stability. Relevant studies in Li* systems pro-
vide valuable insights. For example, during the 4.3 V phase
transition, O, released from NCMS85 can react chemically with
L, Y; 21, ,Clg, forming YOCI with limited chemical stability,
which results in significant capacity decay during cycling.?!!
Similarly, Li, ;Zr, ,Ho, ;Cl; undergoes chemical reaction and de-
composition when exposed to O, at voltages above 4.6 V.[22]

These lithium-based studies offer important guidance for Na
SEs, indicating that analogous chemical and electrochemical
degradation mechanisms may occur at the interface between
high-voltage CAM and halide electrolytes. By controlling interfa-
cial reactions, forming stable interphase products, and optimiz-
ing electrode-electrolyte contact, it is possible to improve the cy-
cling stability and high-voltage tolerance of ASSSBs.

5. Ideal Cathode and Optimization Strategies:
Interfacial Engineering and Materials Development

The solid-solid contact and chemical compatibility at the cathode-
electrolyte interface present significant challenges. Ion diffusion
and charge transfer heavily depend on the physical contact be-
tween the active materials, the electronic conductive network,
and the SE on the cathode side. Chemical compatibility, on the
other hand, is determined by the overlap of the electrochemi-
cal windows of the SE and the CAM. Given the varying physic-
ochemical properties of different SEs, the interface issues they
encounter are also distinct. For instance, sulfide-based SEs suf-
fer from poor air stability and a narrow electrochemical stability
window, making the resolution of (electro)chemical compatibil-
ity between the SE and the CAM a primary concern. In contrast,
oxide-based SEs exhibit high mechanical strength and chemical
stability, which shifts the focus to addressing contact issues at the
interface.

In summary, an ideal cathode interface should possess charac-
teristics of tight physical contact and wide (electro)chemical sta-
bility. Such features can effectively prevent the continuous degra-
dation of both the electrode and the electrolyte, thereby ensuring
stable battery’s capacity and cycle performance. Therefore, resolv-
ing the interface challenges between the CAM and the SE is piv-
otal to advancing the development of ASSSBs.

This section provides a comprehensive review of the chal-
lenges faced at the interfaces between different types of SEs and
CAMs. The discussion is organized around optimization strate-
gies, including homogenization, coating, the construction of in-
termediate layers, and materials development (Figure 14).
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5.1. Homogenization Engineering

In ASSSBs, homogenization engineering optimizes material
composition, interfacial properties, and structural design to effec-
tively address challenges such as interfacial mismatch, low ionic
conductivity, and mechanical heterogeneity. This approach ulti-
mately enhances battery performance and stability.

5.1.1. Homogenization of Material Composition

SEs and CAMs offer a diverse range of combinations, result-
ing in various composite systems. However, significant differ-
ences in their physicochemical properties often lead to unde-
sirable interfacial reactions. For instance, sulfide-based SEs ex-
hibit a limited electrochemical stability window and a chemi-
cal potential mismatch with oxide CAMs, causing issues such
as thermodynamic instability and elemental interdiffusion upon
contact. To mitigate severe interfacial side reactions, CAMs with
anions identical to those in the SE can be selected to achieve
a homogeneous composite cathode. Consequently, transition
metal sulfides such as Sb,S;, FeS,, and MoS,—which share
similar sulfide frameworks and exhibit low operating potentials
(< 3 V vs Na/Na*)—have been extensively explored for sulfide-
based ASSSRBs,[111,148212-214,221)

The similar chemical potentials of these transition metal sul-
fides and sulfide SEs ensure superior interfacial compatibil-
ity. Furthermore, their relatively weak M—S bonds facilitate im-
proved electrochemical reversibility.222] Hayashi et al. first fabri-
cated a room-temperature rechargeable ASSSBs using NPS as
the SE, although the achieved capacity was only ~40% of the
theoretical value of the TiS, cathode.['!l This limited utiliza-
tion of CAMs was likely due to insufficient contact at the cath-
ode/electrolyte interface. To address this, particularly for SEs and
CAMs with low elastic moduli, nanosizing strategies have been
employed to enhance interfacial contact and reduce ion trans-
port distances within the composite cathode. Yue et al. developed
composite cathodes by ball-milling nanosized and micron-sized
Na, S with NPS-C, forming NPS-nanosized Na,S-C (NPS-nano-
Na,S-C) and NPS-micron-sized Na,S-C (NPS-micron-Na,S-C),
respectively.''!l Electrochemical testing of Na-Sn-C|NPS|NPS—
Na,S-C cells revealed that NPS-nano-Na,S-C exhibited supe-
rior capacity retention and rate performance compared to NPS—
micron-Na, S-C. Specifically, after 50 cycles, the reversible capaci-
ties of NPS-nano-Na,S-C and NPS-micron-Na,S-C were 438.4
and 103 mAh g1, respectively (Figure 15a). At current densi-
ties of 10, 20, 50, and 100 mA g~!, NPS-nano-Na,S-C deliv-
ered specific capacities of 1026, 944, 724, and 559 mAh g~!, sig-
nificantly outperforming NPS-micron-Na,S-C, which exhibited
448, 261, 182, and 85 mAh g!, respectively. These experimen-
tal results confirm that nanosized NPS-Na,S-C composites ex-
hibit enhanced reaction kinetics, improved cycling stability, and
higher active material utilization. Clearly, a homogeneous dis-
tribution and intimate contact among the CAM, ionic conduc-
tor, and electronic conductor facilitate uniform electrochemical
reactions, leading to higher Coulombic efficiency and reversible
capacity.

Another effective strategy to reduce interfacial resistance be-
tween the electrode and electrolyte is the in situ fabrication of
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Figure 14. Optimization Strategies for ASSSB Cathode Interfaces.

composite materials containing both CAM and SE. For example,
Wan et al. employed an in situ liquid-phase coating method to an-
chor nanosized Na, 4PS; s Se, o; onto Fe, .S nanorods. Scanning
electron microscope (SEM), transmission electron microscopy
(TEM), and scanning TEM (STEM) analyses confirmed the uni-
form and dense coating of Na, ,PS, 45 Se, o5 on the Fe, S surface,
forming a Fe, S@Na, 4PS; 4sSe, o5 core-shell structure.??’] As
shown in Figure 15D, the Fe, , S@Na, 4PS; osSe; os|Na ASSSB ex-
hibited high capacity, and remarkable cycling stability, achieving
an energy density of 910.6 Wh kg~!, a power density of 201.6
W kg™', and an initial Coulombic efficiency of 89.6%. Similarly,
Mo, Sy coated with NPS via a solution-based method demon-
strated stable cycling performance over 500 cycles at 60 °C.[22]
Fan et al. synthesized Na,S-NPS-CMK-3 composite cathodes
via an in situ casting and annealing process.[??] Compared to
Na,S—-NPS-CMK-3 composites prepared by ball-milling, the in
situ casting method resulted in tighter contactamong Na, S, NPS,
and CMK-3, leading to higher capacity and improved cycling sta-
bility, as illustrated in Figure 15c.

5.1.2. Co-Sintering and In Situ Interface Construction

Oxide SEs are characterized by high thermodynamic stability
and a wide electrochemical stability window. However, their
rigid and rough surfaces often result in poor interfacial con-
tact, which significantly hinders Na* diffusion kinetics across
the interface. Furthermore, the 3D volume changes of CAMs
during charge-discharge cycling exacerbate interfacial degrada-
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tion, leading to rapid performance deterioration.l?®] To optimize
interfacial contact, the most commonly employed strategies in-
volve co-sintering or in situ interface construction techniques.’!
For instance, Noguchi et al. fabricated composite electrodes via
screen printing and hot pressing, incorporating NVP as the CAM
and NZSP as the SE in a symmetric cell configuration.[?%) Al-
though no significant interfacial side reaction products were
detected after 50 cycles, the progressive loss of effective con-
tact area between NVP and NZSP resulted in increased inter-
nal resistance and severe capacity degradation. Similarly, Lalére
et al. employed SPS to sinter the electrode and integrate an
NVP/NZSP/NVP cell at 900 °C, yielding a dense, self-supporting
trilayer structure with excellent mechanical properties.l?”’] This
battery operated at 1.8 V and achieved 85% of the theoretical
capacity at 0.1C. However, inevitable unit cell volume changes
during Na' (de)intercalation led to the formation of macro-
scopic cracks in the electrode, ultimately compromising bat-
tery performance. These findings highlight the inherent limi-
tations of co-sintering in inorganic SEs due to the rigid nature
of their constituent particles. Additionally, this approach may
introduce further complications, such as the formation of un-
desired secondary phases. To address these challenges, pulsed
laser deposition (PLD) has been explored as a method for di-
rectly sputtering cathode thin films onto electrolyte surfaces.
For example, Kehne et al. utilized PLD to deposit an Na,CoO,
cathode layer onto a Na,,Sc,,Zr, Si,PO;, electrolyte, achiev-
ing a tightly bonded thin-film cathode/electrolyte interface.**!]
Post-cycling microstructural analysis of the interface revealed no
signs of delamination, voids, or cavities. In another study, in
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Figure 15. a) SEM image and elemental mappings of Na, P, and C as well as TEM image for the NPS-nano-Na,S—C nanocomposite cathode (left), and
corresponding to cycling performance (right). Reproduced with permission.[""] Copyright 2017, American Chemical Society. b) Schematic diagram of
the preparation of Fe;_,S@Na, qPS; 95Seg o5 and corresponding to Ragone plot of the batteries and Cycling performance of the batteries under a current
density of 100 mA g~'. Reproduced with permission.[?22] Copyright 2018, American Chemical Society. c) Schematic illustration of the synthesis of cast-
annealed Na,S-NPS-C composite cathode and Cycling properties of ball-milled Na,S-NPS-C composite and cast-annealed Na,S-NPS-C nanocomposite
cathodes at a current of 50 mA g~'. Reproduced with permission.[?2] Copyright 2018, American Chemical Society.

situ X-ray photoelectron spectroscopy (XPS) was employed to in-
vestigate interfacial formation during NaCoO, thin-film deposi-
tion onto Na-f”-Al,0, and Na,;Sc,,Zr, ,(SiO,),(PO,) SEs.??¢
While severe interfacial reactions were observed between Na-
p"-Al,O; and the cathode, only slight reductions in Zr and
Sc content were detected near the cathode-side interface of
Na; ;Sc, 321, ,(Si0,),(PO,), suggesting minimal interfacial inter-
actions between NaCoO, and Na,;Sc,;Zr, ,(SiO,),(PO,). This
indicates that the deposition process does not induce significant
interfacial reactions, making this interface promising for reduc-
ing cathode-side overpotential. While thin-film electrodes effec-
tively resolve interfacial contact issues and achieve exceptionally
low electrode/electrolyte interfacial resistance, 2228 certain lim-
itations must be acknowledged. First, the absence of interfacial
failure phenomena—such as cracking—observed in thin-film
electrode cells is likely due to the limited content of CAMs. As
aresult, the stress generated during Na* insertion and extraction
may not reach the critical threshold required to induce interfacial
strain, thereby avoiding significant microstructural changes. Sec-
ond, thin-film electrodes typically lack electronic and ionic con-
ductive additives, which significantly constrains the selection of
compatible CAMs. Only materials with intrinsically high elec-
tronic and ionic conductivities, such as NaCoO,, are generally
suitable for such designs. Lastly, the inherently low areal loading
of thin-film electrodes imposes a limitation on the achievable ca-
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pacity of the cell, posing a challenge for practical and commercial
applications.[2%]

A rationally designed electrolyte and electrode structure can
also improve interfacial contact. For example, Lan et al. devel-
oped a chemical infiltration method to introduce an NVP pre-
cursor solution into the porous structure of Na, ,Zr,Si, ,P; 0,
electrolyte, enabling the in situ construction of a 3D compos-
ite electrode.[?*%] This design led to the formation of a nanoscale
NVP layer tightly bonded to the SE scaffold, thereby facilitating
rapid Na* transport. At the same time, the residual open poros-
ity left in the structure played a beneficial role in accommodating
volume changes during cycling, helping to mitigate interfacial
stress accumulation and preserve mechanical integrity.

5.2. Interfacial Phase Engineering

In ASSSBs, interfacial phase engineering effectively addresses
key issues such as mechanical stress-induced failure and electro-
chemical side reactions by controlling the chemical and physical
properties of the CAM-SE interface.l?*!! By designing stable tran-
sition layers, optimizing interface microstructures, and introduc-
ing elastic or highly conductive interfacial phases, the interfa-
cial stability, ion transport efficiency, and cycling performance of
solid-state batteries can be significantly improved.
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Figure 16. a) Schematic diagrams of ASSSBs with Na,Zr,Si, PO, particles (left) or plastic-crystal electrolyte (right) in the cathode. Reproduced with
permission.[203] Copyright 2017, Wiley-VCH. b) (NaCrO,: Nay 5 Yo ,5Zrg 75Clg: VGCF)/NPS/Na,Sn cell schematic and charge—discharge curves for se-
lected cycles at 40 °C and 1C and XPS spectra of the cycled Na, 55Y( 2521 75 Clg-containing Composite Cathode, Zr 3d and Y 3d binding energies for the
composite cathode cycled at 40 °C and C/2. Reproduced with permission.[3] Copyright 2021, Nature Publishing Group. c) Configuration of ASSSB with
NLZCO0.3-HM as SEs and charge-discharge profiles at different currents (0.1C, 0.2C, 0.3C, 0.5C, 1C between 2 and 3.4V vs Na/Na*, 30 °C). Reproduced

with permission.['87] Copyright 2024, Nature Publishing Group.

5.2.1. Interface Layers

To address severe interfacial issues in ASSSBs, plasticizers or
highly extensible polymers are commonly used as interface coat-
ings or composite components in the cathode to improve inter-
facial contact and provide buffer space for volume changes. For
example, Gao et al. introduced a plastic-crystal Na*-electrolyte in-
terphase composed of succinonitrile complexed with a sodium
salt between the SE NZSP and the CAM NVP.12%] Compared to
cells without the plastic-crystal Na*-electrolyte, those incorporat-
ing the plastic-crystal electrolyte exhibited a higher exchange cur-
rent density (8.67 vs 3.35 mA cm?), indicating that the integra-
tion of the plastic-crystal electrolyte accelerated the electrochem-
ical reaction rate, i.e., reduced the charge transfer impedance,
enabling a discharge capacity of 77 mAh g™ at 5C. As shown
in Figure 16a, the stable cycling performance and excellent rate
capability are attributed to the ability of the plastic-crystal Na*-
electrolyte to permeate and contact most of the CAM, where it un-
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dergoes reversible deformation with volume changes of the active
particles, maintaining interfacial contact during repeated charge-
discharge cycles. Furthermore, the combination of flexible poly-
mer electrolytes and high ionic conductivity electrolytes to pre-
pare composite electrolytes has been demonstrated to effectively
enhance Na* conductivity, suppress dendrite formation, improve
interfacial wettability, and reduce interface-related issues.!?*2] Wu
et al. combined a polymer (polyethylene oxide, PEO) and an ion
conductor material (Ga-doped Na,Zn,TeO, NZTO) to fabricate
a highly flexible and highly ion-conductive composite SE, which
effectively ensured good electrode/electrolyte contact and low
resistance.[**] In the study conducted by Kim et al., a conduc-
tive polymer electrolyte (Na-SPE) composed of a mixture of PEO,
sodium salt, and an ionic liquid was successfully integrated with
a NASICON-type SE for use in seawater batteries.[?**] Although
not strictly a solid-state battery, this system demonstrates the po-
tential of polymer—inorganic hybrids to alleviate interfacial chal-
lenges in solid-state configurations. Chi et al. discovered that a
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composite cathode of pyrene-4,5,9,10-tetraone-poly(ethylene ox-
ide) (PTO-PEO) exhibited a uniform, dense structure and formed
a tight contact interface with the Na-$"-Al, O, electrolyte.[?* This
composite cathode demonstrated excellent electrochemical per-
formance, achieving an initial discharge capacity of 362 mAh g~!
and 95% Coulombic efficiency in a Na-based battery. When there
is a significant disparity in properties between the CAM and the
SE, it is crucial to avoid direct contact between the SE and the
CAM to ensure unaffected electrochemical performance. For in-
stance, the FeS,|polydopamine-Na, ,Zr, Zn,, Si, ,P,30;,|Na all-
solid-state battery reported by Yang et al. exhibited high per-
formance (236.5 mAh g! at 0.1C for 100 cycles).**] This per-
formance was attributed to the introduction of a polydopamine
(PDA) layer, which not only acted as a buffer layer for volume
changes but also ensured the structural integrity and tightness of
the interface during cycling. However, it should be noted that al-
though polymers can buffer volume changes and improve wetta-
bility, their limited electrochemical stability window (below 3.7 V
vs Na*/Na) limits their application in high-voltage ASSSBs.[2¢]

An ideal interfacial layer should exhibit not only thinness,
uniformity, and excellent wettability but also demonstrate supe-
rior ionic conductivity and robust resistance to high-voltage ox-
idative decomposition. In the NaCrO,-NPS|Na-Sn full battery,
the NPS electrolyte was oxidized, resulting in the formation of
elemental sulfur, PS, compounds, and P—O bond-containing
compounds.[*] To obtain a stable cathode/electrolyte interface,
Wu et al. selected the stable Na, ,sY,,5Zr,,sCl, (NYZCO0.75) in
combination with NaCrO, as the CAM (Figure 16b).%! Un-
der room-temperature conditions, the battery exhibited a first-
cycle Coulombic efficiency of 97.6%. Even at 40°C, it demon-
strated stable electrochemical performance with a capacity reten-
tion of 89.3% after 1C cycling for 1000 cycles. Furthermore, XPS
analysis showed no evidence of electrochemical decomposition
products, indicating that NYZCO0.75 effectively protected NPS
from oxidation by NaCrO,. In another study, a NaCrO,|NLZCO0.3-
HM|NPS|Na,Sn ASSSB with a buffer layer of Na,,La,,Zr,;Cl,
(NLZC0.3-HM) exhibited an initial discharge capacity of 123
mAh g! (0.1C, 30°C) and maintained a high capacity of 94
mAh g1 at 1C (Figure 16¢).1'®’] Similarly, Lin et al. demonstrated
an ASSSB employing a Na,¢;Mn,;Nij,Fe,;0, (NMNFO) and
a Na,0,-HfCl,-based SE, achieving an initial discharge capacity
of 125.5 mAh g=! at 0.1C and a Coulombic efficiency exceeding
99.9%, which is comparable to the performance of liquid-phase
batteries using the same NMNFO cathode.3®! This demonstrates
that the use of high-voltage-stable sodium halide materials as a
buffer layer between oxide CAMs and SEs can effectively resolve
interface issues and enhance overall battery performance.

As the understanding of the degradation drivers at the cath-
ode/electrolyte interface deepens, it has been suggested that to
avoid anion exchange reactions, elements such as Sb, Ge, Sn,
or as can be used to completely or partially substitute phospho-
rus (P) in sulfide SEs. Alternatively, poly-anionic cathode mate-
rials with stable PO, groups, such as NVP or NaFePO,, can be
utilized.[?¥]

5.2.2. Non-Solid Interfacial Layer Construction

Introducing small amounts of liquid phases capable of conduct-
ing Na*, such as organic liquid electrolytes or ionic liquids, at
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the cathode/electrolyte interface can fill uncontacted voids and
convert the non-contact state into a solid-liquid-solid interfacial
mode, thereby enhancing Na® transport kinetics.[?3¥239 Liu
et al. constructed an ion-electron conductive network by incor-
porating functional ionic liquid, N-butylN-methylpyrrolidinium
bis(fluorosulfonyl)imide, PY14FSI, and conductive carbon,
which was coated onto the CAM, transforming point contacts
between solid particles into area contacts (Figure 17a).[%) This
resulted in high-rate cycling stability, with a capacity retention of
90% after 10,000 cycles at 6C in a Na-f”-Al,0;-based electrolyte
and Na,(Ni;3;Mn,,O, cathode. Following this, the use of
the N-methyl-N-propylpiperidinium-bis(fluorosulfonyl) imide,
PP13FSI, ionic liquid also demonstrated satisfactory effects on
interface optimization (Figure 17b).1°2) While organic liquid
electrolytes can be used as interface wetting agents, they are
less effective than non-volatile, highly stable ionic liquids. For
example, Zhang et al. found that using an ethylene carbonate-
dimethyl carbonate NaPF, salt (NaPF;/EC-DMC) solution as
an interface wetting agent reduced interface resistance to tens
of Ohms and significantly lowered polarization.['®?! However,
organic liquid electrolytes tend to volatilize or decompose dur-
ing cycling, limiting their passivation effect over time. This is
reflected in a sharp capacity drop after ~250 cycles. Moreover,
it is important to note that the effectiveness of liquid-phase
additives largely depends on their wetting behavior and viscosity
on the solid surface.[?*2*1] Vogl et al. found that protic ionic
liquid electrolytes, when combined with NVP, achieved excellent
performance in SIBs, but this effect was not observed when used
with Na, ;Mn, ¢oMg, ;; O,, highlighting the limited applicability
of liquid-phase additives.[>*]

5.3. Materials Development

The development of ASSSBs relies on the advancement of new
CAMs, SEs, and innovative material design strategies to over-
come key challenges such as interface stability, ion/electron con-
ductivity, and mechanical compatibility. For CAMs, it is essen-
tial to develop high-voltage, zero-strain materials with excellent
electronic and ionic conductivity. These properties contribute to
improved interfacial stability and enhanced redox kinetics. For
SEs, improvements in ionic conductivity, optimization of inter-
face contact, and enhancement of chemical stability are necessary
to reduce interfacial impedance and side reactions. Of particu-
lar interest is the emerging direction of “all-in-one” integrated
cathode materials, which incorporate both ionic and electronic
conduction functions within a single material. This approach ef-
fectively circumvents heterogeneous interface issues while sig-
nificantly improving electrode energy density and structural sta-
bility. Through multi-level material innovations, interface opti-
mization, and synergistic nanostructuring effects, ASSSBs can
achieve higher energy density, longer cycle life, and improved
safety, thereby advancing the development of next-generation en-
ergy storage technologies.

5.3.1. Novel Cathode Materials

The stability of the CAM/SE interface represents a major chal-
lenge for ASSSBs. For CAMs, the development of zero-strain
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Figure 17. a) Schematic diagrams of a conventional sintering type and the designed new type ASSSB based on an inorganic ceramic electrolyte (left),
and new type ASSSB corresponding to long-term cycling performance (right). Reproduced with permission.[%8] Copyright 2016, Wiley-VCH. b) Schematic
representation of the NVP/SE/Na and NVP/IL/SE/Na solid-state batteries. Reproduced with permission.l'%2] Copyright 2017, Wiley-VCH.

materials is essential to minimize lattice volume changes dur-
ing Na* insertion and extraction, effectively preventing mate-
rial structure collapse and degradation of interfacial contact,
thereby significantly extending battery life. Additionally, stable
crystal structures help maintain efficient ion transport chan-
nels, enhancing rate performance and enabling fast charging
and discharging. Notably, “all-in-one” integrated cathode materi-
als, which inherently combine both ionic and electronic conduc-
tion, fundamentally circumvent issues associated with hetero-
geneous interfaces while simultaneously simplifying electrode
structure and improving energy density. The integration of zero-
strain characteristics with the “all-in-one” design concept holds
significant promise for substantially extending battery cycle life.
Therefore, both categories of materials are critically important for
constructing highly stable and reliable ASSSBs.

PBAs are typical zero-strain cathode materials for SIBs. For
instance, Jing et al. enhanced the reversibility and kinetics of re-
dox reactions in FeVO-PBA cathodes by leveraging the d-d in-
teractions between late-transition metal (Fe) and early-transition
metal (V) to achieve charge compensation, while simultaneously
improving electronic conductivity and structural stability, with a
maximum unit cell volume change of only 1.74%.11%! Further-
more, NASICON-structured materials also exhibit zero-strain
characteristics. For example, NaTi,(PO,), has been extensively
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studied in liquid-phase SIBs due to its minimal volume vari-
ation during Na* insertion/extraction.?>2*] Zhao et al. devel-
oped a NaTi, (PO,);-gel composite electrode that tightly adheres
to dense Na-f/f"-Al, O, ceramic membranes, achieving low in-
terfacial polarization between the cathode and electrolyte.l%] Be-
yond conventional frameworks, high-entropy strategies have re-
cently emerged as an effective method to further improve cathode
performance. Jin et al. successfully synthesized a high-entropy
Na, ,VMn,,Fe,,Al, ;Cr,;(PO,); via a sol-gel method.?*’] By ex-
ploiting entropy-driven multi-cation redox reactions, enabled
multi-electron transfer reactions. Notably, this high-entropy strat-
egy not only enhanced specific capacity and energy density, but
also demonstrated exceptional zero-strain behavior, with a vol-
ume change of merely 1.33% during cycling.

For Na' layered cathodes, irreversible phase transitions
and volume expansion can be mitigated by restricting the
charge/discharge cutoff voltage or introducing pillar ions (e.g.,
K*, Mg?*, and Zn?") into the alkali metal layer.[?*-2*8] For in-
stance, Chu et al. enhanced the structural stability and optimized
the electrochemical performance of layered cathodes through a
Na-site pinning strategy with controlled defect introduction.?*"]
A 2.5% Fe** occupancy in the Na sites of Na, ;;Mn, s Co, s .Fe, O,
effectively suppresses interlayer sliding and improves struc-
tural stability, achieving an ultralow volume variation of only
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0.6% while maintaining continuous 2D channels for Na* trans-
port. To simultaneously achieve high capacity and near-zero-
strain characteristics, Wu et al. designed a P2-type dual-site sub-
stituted NagLij 03[Mgg15Lig0yMng 5510, (NMLMO).[25% Density
functional theory (DFT) calculations and in situ characterizations
revealed that Li in the transition metal layer forms localized Na-O-
Li configurations to enhance capacity, while Li in the alkali metal
layer acts as rigid LiO, pillars to eliminate the P2-OP4 and P2-P"2
phase transitions during cycling. Benefiting from this dual-site
synergy, the NMLMO cathode delivers a high specific capacity of
266 mAh g1 and exhibits a single-phase solid-solution reaction
mechanism across a broad voltage range of 1.5-4.6 V, accompa-
nied by a lattice volume change of merely 1.2%.

Further development of zero-strain CAMs for SIBs can also
be guided by theoretical simulations. Drawing from the devel-
opment experiences of Lit cathodes, Zhao et al. systematically
studied the effects of transition metal chemistry, cation order-
ing, Li-site occupancy, redox-inert substances, anion substitu-
tion, and cation migration on volume changes of cathode ma-
terials. They established general principles for designing low-
strain cathodes based on FCC anion framework materials.[?!]
Additionally, materials such as spinel Li,Ti;O,,, LiCrTiO,, and
LiY(MoO,),, which exhibit negligible volume changes during
charge-discharge cycling, may serve as analogs for exploring
sodium-ion CAMs.[252-24]

The recently developed halide material Li, ;Fe, ,Cl, in lithium-
based systems demonstrates remarkable potential for the “all-in-
one” design concept.[?*] This material exhibits not only excellent
mixed Li* /e~ conductivity (2.28 x 107* and 6.98 x 10> S cm™!,
respectively) but also unique dynamic mechanical properties and
self-healing capabilities. These characteristics provide valuable
guidance for developing corresponding “all-in-one” materials in
ASSSB systems.

To date, most of the reported CAMs have a crystalline struc-
ture, with amorphous CAMs being relatively limited. The open
and random structure of amorphous materials can provide ad-
ditional stable sites for cations, enhancing capacity and improv-
ing cycling performance. Nagata et al. proposed that the use
of sodium oxyacid to promote the amorphization of transition
metal layered oxides is an effective approach to obtain new high-
capacity materials.!?>® Experimental results show that by co-
ball milling Na,,,CoO, with NaNO;, an amorphous structure of
80Na,,C00,-20NaNO, can be obtained, improving both ion con-
ductivity and deformability. When compared to Na,,CoO, crys-
talline materials, this material shows higher discharge voltages
and larger capacities (Figure 18a).

Compared to mainstream inorganic cathode materials, or-
ganic cathodes offer advantages such as abundant resources,
low cost, and environmental friendliness, eliminating the de-
pendence on scarce metals. Their tunable redox potential and
mechanical flexibility facilitate the formation of stable and tight
electrode-electrolyte interfaces, making them highly promising
as cathode materials.'%%57] In 2018, Chi et al. first reported
Na,C O, as a cathode material.[*’l The Na,C,O4|NPS|Na,sSn,
full battery delivered a specific capacity of 184 mAh g~' and an en-
ergy density of 395 Wh kg~!, maintaining 70% of its capacity after
400 cycles at 0.2C (Figure 18b). XRD and XPS analysis of the cy-
cled cathode showed no new peaks, further confirming the excel-
lent physical and chemical stability between Na,C,O, and NPS.
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To further enhance energy density, the researchers subsequently
reported a quinone, pyrene-4,5,9,10-tetraone (PTO) cathode ma-
terial, demonstrating superior theoretical capacity (409 mAh g=?)
and elevated operating potential (2.2 V vs Na*/Na).l!1] Batteries
based on PTO composite cathodes achieved an energy density of
up to 587 Wh kg™ and retained 89% capacity after 500 cycles at
0.3C. As shown in Figure 18c, in situ EIS revealed reversible in-
terfacial resistance evolution during cycling, primarily observed
as a reversible increase in the Warburg coefficient (A,,) during
charging and a reversible decrease during discharging. Ex situ
XPS and ToF-SIMS results further confirmed that this reversible
behavior was primarily attributed to the highly reversible inter-
actions between NPS and the resistive phase within the voltage
range of 1.1-3.1 V. Furthermore, the relatively low Young’s mod-
ulus exhibited by PTO (4.2 + 0.2 GPa) contributed to effective
stress redistribution during cyclic loading while ensuring consis-
tent interfacial adhesion. Therefore, the reversible resistance and
tight contact at the electrode-electrolyte interface collectively con-
tributed to the outstanding battery performance. To prevent nu-
cleophilic attack on the redox-active quinone groups, Ji et al. de-
signed poly-(anthraquinonyl sulfide)-graphene (PAQS-G) with a
stable polymer framework.[2® The chemically protected quinone
groups demonstrated better chemical compatibility with sulfide
electrolytes. After 300 cycles at 60°C, the PAQS-G cathode main-
tained a capacity retention of 95.5%. In conclusion, organic cath-
odes with moderate redox potentials can achieve electrochemi-
cally stable cathode-electrolyte interfaces, while their low Young’s
modulus ensures tight interface contact during cycling. These ad-
vantages together contribute to exceptional battery performance.

5.3.2. Novel SEs

Hydride SEs have emerged as a promising research direction for
ASSSBs due to their high Na* conductivity, excellent chemical
stability, and mechanical flexibility. Yoshida et al. discovered that
ball milling Na,B, H;, and Na,B;,H;, in a 1:3 molar ratio re-
sulted in the highest ionic conductivity (Figure 19a).1>°) A ASSSB
employing Na,B,,H,,-3Na,B,,H,, as the electrolyte and TiS, as
the cathode demonstrated a high specific capacity of 237 mAh
g1, approaching the theoretical value of NaTiS,. When com-
plex hydrides are applied in ASSSBs, considerations beyond ionic
conductivity, such as chemical and electrochemical stability, be-
come crucial. Duchéne et al. employed Na, (B, Hy,)05(B1oHio)os
as a SE and utilized an infiltration-based cathode fabrication
method to form a stable interface with a NaCrO, cathode, en-
abling reversible and stable cycling at 3.25 V (Figure 19b).%°! Sub-
sequently, they reported a method for crystallizing closo-borate
SEs directly from solution and applied them to battery elec-
trodes by infiltrating porous cathode materials (Figure 19c).2%!
Experimental results revealed that Na,(B;,H;,)(B;,H;,) crystal-
lized within the open voids of the electrodes, exhibiting a suitable
crystal structure that provided high ionic conductivity (1 mS cm™!
at 25°C) and ensured effective contact with the CAM. An ASSSB
using NaCrO, as the infiltrated cathode achieved stable high-
rate cycling at 5C (4.5 mA cm™2). Moreover, constructing stable
cathode-electrolyte phases has proven effective in optimizing in-
terfacial performance and expanding the electrochemical stabil-
ity window of SEs at high voltages. When Na, (CB,;H,),(B;,Hi;)
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Figure 18. a) HR-TEM image and electron diffraction pattern, Na* conductivity vs first discharge capacity of the Nag;C0o0,-Na,MO, (M = N, S,
or P) active materials, milled Nay ;CoO,, and crystalline Nay ;CoO, and Charge—discharge curves for the cell prepared using a composite electrode
of Nag76C005Ng,0,, and NPS Reproduced with permission.[2°] Copyright 2018, American Chemical Society. b) Schematic of the ASSSBs and
charge/discharge voltage profiles for selected cycles at 0.1C at 60 °C (Inset: Capacity and coulombic efficiency vs cycle number at 0.2C at 60 °C). Repro-
duced with permission.l47! Copyright 2018, John Wiley and Sons Ltd. c) Intermittent galvanostatic voltage profile for the first three cycles, and Warburg
coefficient is extracted from the low-frequency impedance spectra. ToF-SIMS spectra of the composite cathodes at fully discharged and charged states.
Reproduced with permission.["1®] Copyright 2019, Cell press.
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Figure 19. a) Na™ conductivities for Na,ByH1o-Na,B,H;, pseudo-binary complex hydride with various molar ratios ball-milled for 5 h. Different sym-
bols denote Na,ByoHqo-Na,Bq,Hq, molar ratios of 3:1(orange), 1:1(green), 1:3(red), and 1:7(blue). Reproduced with permission.[2>°! Copyright 2017,
American Institute of Physics. b) Top-view SEM images of the mixed and impregnated cathode mixtures after pressing into a pellet. Cathode parti-
cles and cracks are highlighted by green areas and red lines, respectively. Reproduced with permission.[*] Copyright 2017, Royal Society of Chemistry.
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was used as the SE, [B,,H,,]*~ decomposed into electrochemi-
cally inactive products below 4.2 V, while [CB,;H;,]” remained
intact, ensuring sufficient ionic conductivity.'””] This strategy ef-
fectively passivated the interface for 4V-class cathodes and pre-
vented impedance growth during cycling. Previous studies indi-
cated that a co-cross-linked borohydride electrolyte, Na,B,,Hg,
exhibited a wider electrochemical stability window compared to
its monomeric form, Na,B, H,,, suggesting that the intercon-
nection of borane clusters enhances electrochemical oxidation
stability.l2®!] Inspired by this, Jin et al. developed a Na;B,,H,;-
5Na,B;,H,, SE for 4V-class ASSSBs. A Na[Ni, ;Fe, ;Mn, ;5]O,|Na
battery incorporating this electrolyte exhibited an 84% capacity
retention after 100 cycles at 0.1C within the voltage range of 2.0-
4.2 V at 60 °C (Figure 19d).1262] Additionally, He et al. were the
first to report Na,NH,B,,H;,, which crystallizes in the Pna2,
space group. As demonstrated by CV testing, this material ex-
hibited an impressive electrochemical stability window of 10V,
providing new possibilities for the development of higher-voltage
ASSSBs.[263]

Beyond the development of novel SEs, identifying new work-
ing mechanisms for SEs is equally significant. Sun et al. pro-
posed a promising transition mechanism, in which an in situ
electrochemically induced crystalline-to-amorphous transforma-
tion (CTA) occurs from the surface to the bulk of the SE. This
transformation is primarily driven by lattice stress generated dur-
ing repeated Na* transport, leading to the conversion of crys-
talline Na;SmSi, O, into its amorphous form (Figure 19e).[264
Benefiting from the enhanced ionic transport and superior inter-
facial properties provided by the amorphous Na;SmSi,O,,, the
Na|Nas SmSi, O,,|NVP battery exhibited an outstanding cycle life
exceeding 4000 cycles, with both coulombic efficiency and capac-
ity retention reaching 100%. Furthermore, the initial coulombic
efficiency of 99% indicated the absence of irreversible side reac-
tions between Na;SmSi,O,, and either the sodium anode or the
NVP cathode.

5.4. Optimization of Composite Cathodes

Composite cathodes play a crucial role in ASSSBs, as each com-
ponent plays a distinct yet interdependent role: the CAMs serve
as the primary host for Na* storage; conductive additives es-
tablish electronic percolation pathways; binders maintain struc-
tural cohesion; and SEs ensure effective ionic transport. The ra-
tional design and synergistic integration of these components
are essential to realize high ion/electron conductivity, low in-
terfacial impedance, and robust mechanical integrity. Although
many CAMs exhibit moderate intrinsic electronic conductivity,
conductive carbon additives are typically introduced to establish a
continuous electronic network. This approach enhances current
homogeneity, suppresses localized overcharging, and improves

www.advenergymat.de

rate capability. However, the type and amount of carbon intro-
duced must be carefully controlled, as carbon additives can cat-
alyze interfacial decomposition of sulfide SEs, thereby acceler-
ating battery degradation. For instance, Han et al. reported that
excessive carbon incorporation into LGPS (at a carbon-to-LGPS
weight ratio of 25:75) resulted in severe LGPS decomposition.2%°]
Oh et al. further investigated composite electrodes comprising
acetylene black and LGPS, where CV measurements revealed
continuous oxidation currents at the interface. The formation
of decomposition products was found to hinder electron and/or
Lit transport within the composite material.['¥"] Zhang et al.
systematically studied the effects of different carbon additive
types and mass fractions on the electrochemical behavior of
solid-state batteries.'8”] Compared with carbon-free electrodes,
carbon-containing composite cathodes exhibited an additional
sloping voltage profile before the 3.3 V plateau during the first
charge cycle, which was attributed to severe oxidation of the SE
at the onset of charging. XPS analysis further demonstrated that
carbon at the CAM/SE interface facilitated the accelerated elec-
trochemical decomposition of the SE by driving lithium with a
lower chemical potential deeper into the electrolyte, thereby ex-
panding the decomposition region. Collectively, these findings
indicate that carbon additives in sulfide-based ASSSBs promote
the electrochemical degradation of SEs, ultimately compromis-
ing battery cycle life. These results also highlight another critical
issue associated with ASSSBs: SEs within composite cathodes de-
compose at any location where they come into contact with elec-
tronic pathways, such as current collectors. Since decomposition
reactions predominantly occur at the surfaces of carbon additives
or cathode particles, an ideal approach would be to minimize the
exposure of SEs to conductive surfaces while maintaining long-
range electronic pathways between the electrode material and the
current collector.?%¢! One effective strategy involves selecting car-
bon materials with low specific surface areas (e.g., carbon nan-
otubes or vapor-grown carbon fibers) to slow down the decompo-
sition kinetics of SEs.'87]

In composite cathodes for ASSSBs, binders primarily enhance
mechanical stability and optimize interfacial contact. They im-
prove adhesion between CAMs, SEs, and conductive additives,
preventing particle detachment. Furthermore, the chemical sta-
bility of binders determines their tolerance under high-voltage
conditions, helping to mitigate side reactions that could compro-
mise interface stability. An appropriate binder not only facilitates
electrode fabrication and film formation but also reduces side re-
actions at the interface, ultimately enhancing the electrochemical
performance of the battery.

Given the distinct roles and properties of each component in
composite cathodes, their design should adhere to the following
principles: 1) CAMs determine energy density and rate capabil-
ity. Optimization of their particle size and morphology improves
interfacial contact and reaction kinetics. 2) SEs provide ionic

) Schematic diagram illustrating the fabrication of NaCrO, electrodes infiltrated with the Na, (B;,H1,) (B1gH 1) SE by solution processing and the cross
sectional SEM image of the densified Na,(B1,H1,) (B1gH1o)-infiltrated NaCrO, electrode is also shown. Reproduced with permission.[26%] Copyright
2020, Elsevier. d) Schematic illustration for the preparation of Na3B,4H3-based SE and 4 V all-solid-state Na[Niy ;Fe; 3Mn;;3]0,/SE/Na battery and
Linear sweep voltammograms of Na;B,,H,3; and Na,B;,H;, with a scan rate of 10 uV s™' at 60 °C. Reproduced with permission.[262] Copyright 2023,
Elsevier. €) Schematic illustration of interface morphology evolution during sodium plating/stripping and long-term cycle life at 2C-rate. Reproduced

with permission.[264] Copyright 2023, Nature.
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pathways. Their distribution and volume fraction must balance
ionic conductivity with overall electrode conductivity; insufficient
content hinders ion transport, whereas excessive content can im-
pair electronic conduction. 3) Conductive additives enhance elec-
tronic conductivity, but their concentration must be carefully con-
trolled to prevent excessive interference with ion transport path-
ways and to mitigate electrolyte decomposition. 4) Binders en-
sure structural stability and interface adhesion. Their compatibil-
ity with both SEs and CAMs is crucial to minimizing interfacial
impedance and avoiding undesirable reactions.

At the microstructural level, various design strategies can
be employed to optimize ion and electron transport pathways,
such as uniform distribution structures and core-shell architec-
tures. For instance, constructing 3D ion-electron networks can
maximize transport efficiency, reduce polarization effects, and
enhance rate performance. Additionally, interfacial engineering
strategies-such as coatings or surface modifications—can miti-
gate interfacial side reactions, further improving battery stabil-
ity. Overall, the structural design of composite cathodes should
comprehensively consider conductivity, interfacial stability, and
mechanical integrity to achieve high-performance ASSSBs.

6. Summary and Outlook
6.1. Summary: Challenges and Strategies in ASSSBs

ASSSBs represent a crucial development direction for next-
generation energy storage technologies, with their performance
primarily constrained by the intrinsic characteristics and interfa-
cial issues of three major electrolyte systems.

1) Oxide SEs have been widely applied in ASSSBs due to their
excellent air stability, superior chemical and electrochemical
stability, high oxidative potential (typically exceeding 4.5 V
vs Na*/Na), and fast ionic transport capability. By employing
high-temperature sintering or melting techniques, relatively
stable cathode—electrolyte interfaces can be constructed, lead-
ing to favorable electrochemical performance. However, the
intrinsically high rigidity of oxide electrolytes poses severe in-
terfacial contact challenges for practical applications. When
paired with rigid oxide CAMs such as NVP, the high mechani-
cal modulus of both components (generally >100 GPa) makes
it difficult to achieve sufficient solid—solid interfacial contact,
resulting in significant interfacial impedance. During electro-
chemical cycling, the intrinsic volume change of the cathode
induces continuous stress accumulation at the rigid interface,
ultimately leading to interfacial contact failure and capacity
fading. Introducing a small amount of ionic liquid at the in-
terface can effectively mitigate interfacial delamination and
the resulting discontinuity of ion transport pathways, thereby
significantly enhancing electrochemical performance and cy-
cling stability.

2) Sulfide SEs, featuring much higher ionic conductivities (e.g.,
Na, ¢6Sbogs W0 12545 Gion = 32 mS cm™') and softer mechani-
cal characteristics (Young’s modulus: ~#10-20 GPa) compared
with oxide SEs, are expected to enable batteries with supe-
rior fast-charging/discharging capability and enhanced me-
chanical stability at solid—solid interfaces. However, their rel-
atively narrow electrochemical stability window (typically be-
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low 3.0 V vs Na*/Na) remains a major bottleneck for practi-
cal applications. When paired with high-voltage oxide CAMs
(e.g., NaCrO,, >3.0 V vs Na*/Na), the SE undergoes oxida-
tive decomposition at the interface, producing electronically
insulating products such as S, P, S, and Na; PO,. These prod-
ucts accumulate to form barrier layers that hinder Na* trans-
port across the interface.l**! Even when employing transition
metal sulfide CAMs with lower operating potentials (<3.0 V vs
Na*/Na), such as TiS, and FeS,, to enhance interfacial affin-
ity and suppress side reactions, the issue of interfacial contact
failure still persists, leading to reduced utilization of CAMs.
This indicates that further optimization of electrode architec-
ture and interface engineering is still required to improve ion
transport pathways and enhance overall electrochemical per-
formance.

3) Hydride and halide SEs present unique advantages and chal-
lenges among emerging electrolyte systems. Hydride elec-
trolytes (e.g., Na,B,,H;,), while exhibiting excellent thermal
stability and ionic conductivity, are limited by their narrow
electrochemical window (<2.5 V vs Na*/Na) for matching
with high-voltage cathodes. Halide electrolytes (e.g., Na,YCl)
demonstrate relatively wide electrochemical windows (>3.5V
vs Na*/Na) and tunable ionic conductivity. Meanwhile, their
relatively high mechanical hardness (modulus >20 GPa) ne-
cessitates high-temperature processing for solid-solid inter-
face contact, while interfacial space-charge layer effects fur-
ther increase ion transport resistance.

The complexity and diversity of these interfacial issues indi-
cate that a single solution strategy cannot be universally applied
across all electrolyte systems. Future research requires develop-
ing precise interface regulation strategies tailored to different sys-
tem characteristics: for oxide systems, the focus should be on de-
veloping flexible interlayers and stress-buffering structures; for
sulfide systems, there is an urgent need to construct stable in-
terface protection layers and compositionally graded transition
layers; and for hydride and halide systems, efforts should fo-
cus on reducing cost and improving air stability. Through multi-
level, multi-scale interface engineering innovations, combined
with advanced characterization techniques and theoretical mod-
eling, ASSSBs will advance steadily toward high energy density
and long cycle life.

6.2. Outlook: Toward Interface-Optimized and Mechanically
Stable ASSSBs

During battery operation, nearly all classes of SEs—including ox-
ides, sulfides, halides, and hydride—undergo interfacial redox re-
actions, forming a CEI. Although the CEI can help mitigate side
reactions, its typically low ionic conductivity often impedes Na*
transport. Furthermore, interfacial engineering faces two core
challenges: 1) the increased system complexity due to the intro-
duction of additional interphase layers, and 2) the cost and tech-
nical difficulty associated with fabricating homogeneous, defect-
free interphases.

In summary, the future development of ASSSBs relies on
the synergistic integration of materials innovation, interfa-
cial optimization, and mechanical design. By deepening the
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understanding of interfacial processes and implementing coor-
dinated structural strategies—particularly leveraging “all-in-one”
material designs to fundamentally eliminate interface issues,
combined with advanced interfacial engineering techniques—
it is promising to realize high-energy-density, long-life, and safe
ASSSBs suitable for next-generation energy storage systems.

1) Toward Optimized Materials for ASSSBs. To achieve high-
performance ASSSBs, further optimization and development
of all battery component materials are essential. For SEs, the
goal is to simultaneously realize higher ionic conductivity, en-
hanced mechanical flexibility, and improved chemical stabil-
ity. Various structural and compositional strategies can be em-
ployed to achieve these properties, including high-entropy de-
sign to increase lattice disorder, amorphization to suppress
grain boundary resistance to ion migration, and the devel-
opment of composite electrolyte systems that balance ionic
transport with mechanical compliance. For CAMs, it is cru-
cial to enhance capacity while maintaining structural stabil-
ity, with the ideal goal of achieving a “zero-strain” structure.
Structural and compositional optimization, nanostructuring,
and elemental gradient engineering can effectively mitigate
stress accumulation and accommodate volume changes. Fur-
thermore, the development of bifunctional cathodes capable
of conducting both ions and electrons can significantly re-
duce the fraction of electrochemically inactive components,
thereby maximizing the energy density potential of ASSSBs.
In addition, technological innovations targeting materials are
particularly important, such as the development of “all-in-
one” integrated CAMs.

2) Toward Interfacial Stability ASSSBs. To construct highly sta-
ble interfaces, it is essential to ensure a rational pairing be-
tween CAMs and SEs. While pursuing high capacity and
superior ionic conductivity, both chemical and mechanical
compatibility between the two components must be main-
tained to prevent interfacial reactions and contact degrada-
tion. The introduction of stable interfacial layers with ex-
cellent mechanical properties and high ionic conductivity
can further enhance interfacial contact and overall electro-
chemical performance. Computational modeling and high-
throughput screening techniques play a vital role in interfa-
cial material design, enabling the prediction of interfacial re-
actions and guiding the rational selection of compatible ma-
terials. In addition, systematic optimization of the composite
cathode structure and composition is equally critical. A deli-
cate balance must be achieved among energy density, charge-
transfer kinetics, and structural stability of the CAMs. By in-
tegrating advanced in situ and ex situ characterization tech-
niques, the intrinsic structure-property—stability correlations
can be elucidated, providing theoretical guidance for inter-
facial optimization. Meanwhile, the development of scalable
and uniformly dense composite electrode fabrication pro-
cesses will lay a solid foundation for realizing high-energy-
density and long-term stable ASSSBs.

3) Toward Practical Applications: Pouch Cell and Full-Cell Archi-
tectures for ASSSBs. For the practical deployment of ASSSBs,
the transition from lab-scale symmetric or half-cell config-
urations to full-cell and pouch-type architectures remains a
critical step. Current research has largely focused on optimiz-
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ing solid electrolytes, electrode materials, and their interfaces
under idealized conditions; however, the scale-up introduces
additional complexities, including electrode thickness, areal
capacity, and mechanical integrity of large-format cells. In
particular, achieving uniform pressure distribution and sta-
ble electrode/electrolyte contact in pouch cells poses signifi-
cant challenges, as the rigidity of oxide-based solid electrolytes
and the mechanical fragility of sulfide-based ones may lead to
interfacial degradation or crack formation during long-term
cycling. Furthermore, the development of practical full-cell
systems requires carefully matched cathode/anode pairs with
compatible electrochemical potentials, minimized side reac-
tions, and stable interphases to ensure both energy density
and cycling stability. To date, only a limited number of ASSSB
pouch cells have been demonstrated, often operating under
relatively low current densities and moderate cycling condi-
tions, highlighting the gap between laboratory feasibility and
practical requirements.

Moving forward, integrating scalable electrode fabrication
methods, optimizing stack pressure management, and engineer-
ing robust interfacial architectures will be essential. Ultimately,
advancing ASSSBs toward commercial-level pouch cells and full-
cell designs will require a balance between electrochemical per-
formance, mechanical reliability, and cost-effectiveness, offering
a promising pathway for next-generation sustainable energy stor-
age systems.
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