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Interfacial failure mechanisms and design
principles in solid-state sodium batteries

Mingyue Wang,t* Qing Zhong,t Yue Wang,t Xu Liu, Dongyang Zhang*
and Shujiang Ding & *

Solid-state sodium batteries (SSSBs) have attracted increasing attention as a promising alternative for large-
scale energy storage owing to their intrinsic safety, material abundance, and potential cost advantages.
Significant progress has been made in developing diverse solid-state electrolytes, including polymers,
inorganic ceramics, and hybrid systems, many of which exhibit impressive bulk ionic conductivity.
However, the translation of these materials-level properties into durable, high-performance solid-state
sodium batteries remains limited, indicating that bulk ion transport alone does not govern practical cell
behavior. In this review, we adopt an interface-centered and issue-driven perspective to analyze the key
challenges in SSSBs. Rather than providing a materials-category-based summary, we focus on dominant
interfacial failure mechanisms and their sodium origins. Chemical and electrochemical instability,
electrical blocking associated with space-charge effects and grain boundaries, mechanical degradation
arising from elastic and thermal mismatch, and defect-assisted sodium dendrite penetration are
discussed within a unified mechanistic framework. These interfacial processes are shown to be
intrinsically coupled, collectively controlling effective ion transport, critical current density, and long-
term cell stability. Building on this understanding, we critically assess why high bulk ionic conductivity
has not translated into robust full-cell performance and emphasize the limitations of conductivity as
a single performance metric. We further discuss general design principles for interface engineering
across different electrolyte families and revisit lessons from technologically mature sodium battery
systems to clarify realistic pathways toward practical implementation. By linking interfacial chemistry,
defect physics, and mechanical properties, this Review aims to provide a coherent framework and
forward-looking guidance for the rational design of next-generation SSSBs.
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1 Introduction
1.1 From liquid electrolytes to solid electrolytes

Rechargeable secondary batteries have become a crucial energy
storage and conversion solution supporting renewable energy
integration over the past decade.’ Among the various types,
lithium-ion batteries (LIBs) stand out due to their superior
energy density, high power delivery, and extended cycling
stability, leading to their extensive use in everyday applications
like mobile devices and electric transportation. Despite their
success, the continued advancement of LIBs is constrained by
several limitations—such as scarce lithium reserves,
geographically imbalanced lithium ore distribution, and
increasing raw material expenses (Fig. 1a)—posing barriers to
long-term scalability.** These challenges, coupled with the
rising demand for efficient energy storage across multiple
industries, have accelerated research into alternative battery
chemistries beyond conventional lithium-ion systems.®”
Recently, sodium-based batteries have emerged as a promising
candidate, drawing significant scientific and industrial interest
due to their cost-effectiveness, the widespread availability of
sodium, and operational mechanisms analogous to those of
lithium-ion technologies.®® While sodium-ion batteries (SIBs)
generally exhibit lower theoretical energy densities compared to
LIBs owing to the greater atomic mass of sodium, they offer
compelling benefits for large-scale applications such as grid-
level energy storage, where safety, longevity, and economic
feasibility are prioritized over maximum energy density.'®**
The electrolyte is a critical component in sodium batteries,
serving as the medium for sodium ion transport between the
cathode and anode, thereby significantly affecting the energy
density and rate performance of batteries. Electrolyte systems
are typically classified into three types: aqueous, organic liquid,
and solid-state electrolytes (SSEs).'> Although aqueous electro-
lytes offer advantages such as high safety and stable cycling
behavior, their narrow electrochemical stability window limited
by water decomposition restricts the operating voltage to below
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2 V, which inherently limits the achievable energy density.">**
Only under highly concentrated salt conditions, for example
with 17 mol per L NaClO,, can voltages beyond 2 V be attained,
leading to the failure of achieving practical scalability of the
aqueous systems.'” Similar to those in lithium batteries, organic
liquid electrolytes based on carbonate or ether solvents are
commonly employed in sodium batteries.'” Early research
primarily focused on carbonate solvents like ethylene carbonate
(EC) and propylene carbonate (PC), owing to their high dielec-
tric constants and wide electrochemical windows.'® By 2014,
researchers had demonstrated that by tailoring the solvation
structure of ether-based electrolytes, reversible co-intercalation
of Na' ions along with ether molecules into graphite anodes
could be achieved—a process not feasible with conventional
carbonate electrolytes.’ Moreover, ether-based electrolytes
exhibit superior low-temperature performance and high-rate
capability due to their strong reductive stability and low des-
olvation energy.” Despite ongoing advancements in liquid
electrolyte formulations, the inherent flammability and thermal
instability of organic electrolytes remain major concerns, often
leading to thermal runaway and associated safety hazards in
real-world applications. Numerous incidents in recent years—
including fires and explosions during battery operation or
charging—have been attributed to such risks, particularly
under abusive conditions involving mechanical damage (e.g.,
crushing or puncture), electrical abuse (e.g., overcharging or
short circuits), or excessive heat buildup, as shown in
Fig. 1b.2"??

SSEs have emerged as a promising substitute for conven-
tional liquid electrolytes, offering enhanced safety and
improved electrochemical performance in battery systems.?
Notably, B”-Al,0; (BASE) solid electrolytes represent one of the
earliest and most technologically mature sodium-ion conduct-
ing ceramics. Since the 1960s, BASE has been successfully
employed in high-temperature molten sodium batteries,
including Na-S, Na-NiCl, (ZEBRA), and Na-FeCl, systems,
where it serves as a robust separator enabling fast Na" transport
at operating temperatures of 250-350 °C.** These battery
systems have reached commercial deployment for stationary
energy storage, highlighting the exceptional chemical stability,
high ionic conductivity, and long-term reliability of BASE elec-
trolytes under harsh operating conditions. In recent years,
extensive research has led to the development of various SSE
types aimed at broadening the applicability of SSSBs.>*?*¢
Currently, SSEs for sodium batteries are primarily categorized
into inorganic, organic (polymer) and inorganic-organic types
(Fig. 1c), and the corresponding characteristics are summarized
in Fig. 1d.>”*®* However, achieving both effective interface
contact and chemical stability of the electrolyte-electrode
interface is vital for high-performance SSSBs. Two central
challenges therefore dominate the design of efficient SSSBs: (i)
developing SSEs with high ionic conductivity at ambient
temperatures, and (ii) engineering well-matched electrode-
electrolyte interfaces.”' In recent years, substantial progress
has been achieved in boosting ionic conductivity through
compositional modifications, composite integration, and
innovative structural designs, with some advanced SSEs now

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Abundance and costs of Li and Na resources. (b) Challenges in sodium batteries arising from organic liquid electrolytes.®® Copyright

2023, The Royal Society of Chemistry. (c) Schematic diagram of inorganic SSE, polymer SSE and inorganic—polymer hybrid SSE based SSMBs.*¢
Copyright 2023, Wiley-VCH. (d) Characteristics of ISEs, SPEs and composite polymer electrolytes (CPEs). (e) Comparison of physicochemical

properties between Li and Na elements.

reaching conductivities
electrolytes.?**

comparable to those of liquid

1.2 Similarities and differences with solid-state Li batteries

Owing to the similar electrochemical properties between
lithium and sodium, SSSBs exhibit numerous functional simi-
larities with solid-state lithium batteries (SSLBs). As a result,
much of the fundamental understanding and experimental
methodologies developed for SSSBs over recent years can be
partially adapted to accelerate the advancement of SSSB tech-
nology.*”*® Similar to their lithium counterparts, a typical SSSB
consists of an anode, an SSE and a cathode. The working
principles rely on the directional movement of cations coupled
with redox reactions to enable energy storage and delivery.*® The
SSE functions as both an ionic conductor, facilitating Na“ ion
transport between electrodes, and as a physical barrier that
prevents electrical shorting.**' Oxidation occurs at the anode,
releasing electrons into the external circuit and generating Na*
ions that migrate through the SSE toward the cathode. At the
cathode, these ions undergo electrochemical insertion into the
host lattice, completing the energy release process.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Although SSSBs operate on the same “rocking chair” prin-
ciple as SSSBs, and many similar materials for electrodes and
electrolytes developed for SSSBs can be applied to SSSBs,
significant distinctions exist between the two systems. These
differences primarily stem from the distinct physicochemical
characteristics of sodium and lithium, as illustrated in Fig. 1e.
One of the most influential factors is the ionic radius, which
directly affects ion diffusion kinetics and storage mechanisms.
The larger ionic radius of Na' (1.02 A) compared to Li* (0.76 A),
along with its lower charge density, makes Na" migration more
challenging within the crystal lattice of SSEs.** For instance, in
inorganic solid electrolytes such as NASICON-type materials,
wider conduction pathways are required for Na' to avoid
increased energy barriers caused by steric constraints.*>**
Moreover, certain materials widely used in SSSBs—such as the
LiCoO, cathode and Li,La;Zr,0;, electrolyte—are not suitable
for use in SSSBs.*>*¢ A major hurdle in the development of SSSBs
is the optimization of electrode-electrolyte interfaces. The
larger size of Na* ions promotes the formation of a dense and
thick space charge layer at the interface, leading to significantly
higher interfacial impedance compared to Li'-based systems. In
composite organic-inorganic electrolytes, the transfer of Na*

Chem. Sci., 2026, 17, 4881-4907 | 4883
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across the internal phase boundary faces a greater energy
barrier due to weaker coordination between Na' and the poly-
mer matrix, as well as reduced lattice compatibility with inor-
ganic fillers—both of which are less favorable than in lithium
systems—resulting in a pronounced ion transport bottle-
neck.”** Additionally, mismatches in thermal expansion coef-
ficients between sodium-based components are more
pronounced; for example, the difference between sodium-p-
Al,O; and metallic sodium can increase the likelihood of
interfacial delamination under thermal cycling, further exacer-
bating impedance growth.*>** Chemical compatibility between
the electrolyte and electrodes is another concern, for example,
sulfide-based SSEs tend to react adversely with metallic sodium
anodes.’»** All in all, while SSSBs share fundamental similari-
ties with SSSBs—enabling the leveraging of existing research—
their unique challenges arising from the physicochemical
properties of sodium make interface engineering and material
selection more complex. These distinctions demand focused
attention to overcome the obstacles impeding the performance
and commercialization of SSSBs.

Despite the rapidly growing body of literature on solid-state
electrolytes for sodium batteries, a number of fundamental
questions remain insufficiently addressed. In particular, the
performance gap between impressive ionic conductivity values
reported for many sodium solid electrolytes and the poor
durability and rate capability of full solid-state sodium batteries
persists as a central bottleneck. This discrepancy suggests that
materials chemistry alone is not the limiting factor, and that
interfacial phenomena, mechanical compatibility, and sodium-
specific electrochemical behaviors play a decisive role in
determining practical cell performance.”** In this Review,
rather than providing a purely materials-category-based
summary, we adopt a problem-driven and concept-oriented
perspective to critically analyze solid-state sodium battery
systems. We emphasize three overarching themes. First, we
examine the fundamental differences between sodium and
lithium solid-state batteries that extend beyond simple ionic
radius considerations, with particular focus on interfacial
chemistry, space-charge effects, and failure mechanisms uni-
que to sodium systems. Second, we critically assess why high
bulk ionic conductivity has not translated into robust full-cell
performance, highlighting the limitations of conductivity as
a single performance metric and underscoring the importance
of interfacial resistance, critical current density, and realistic
full-cell validation. Third, we revisit technologically mature
systems such as pB’-Al,0;-based high-temperature molten
sodium batteries, extracting key lessons from their long-term
success and discussing the challenges associated with trans-
lating these advantages to lower-temperature solid-state
configurations. By integrating insights across organic, inor-
ganic, and hybrid electrolyte systems, and by explicitly linking
ion transport, interfacial chemistry, and mechanical properties,
this review aims to provide a coherent framework for under-
standing the persistent challenges in solid-state sodium
batteries. We further identify near-term research priorities and
realistic technological pathways, clarifying where progress is
fundamentally materials-limited versus engineering-limited,
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and highlighting application scenarios in which sodium-
based solid-state systems may offer advantages over their
lithium counterparts.

2 Mechanisms and challenges of
solid-state electrolytes

2.1 Transport mechanisms of Na-ions in solid-state
electrolytes

The transport behavior of sodium ions in SSEs directly deter-
mines the overall ionic conductivity and electrochemical
performance of the SSSBs. Typically, the ion transport mecha-
nism is closely tied to the specific type of SSE and tempera-
ture,”> as provided in Fig. 2a. Clarifying these region-specific
transport mechanisms is not only essential for understanding
the fundamental principles of ion conduction in solid systems,
but also provides critical guidance for the structural design and
performance optimization of SSEs.

2.1.1 Inorganic species. In crystalline inorganic electro-
lytes, ion conduction is primarily governed by the concentration
of mobile Na* ions per unit volume and the presence of struc-
tural defects such as vacancies (missing ions) or interstitial
sites, which can arise from atomic substitutions.***” According
to the Schottky and Frenkel defect models, the transport of
sodium ions is actually achieved via random hopping between
vacant lattice positions, direct interstitial jumps, or exchange
between interstitial and substitutional sites,**”® as illustrated in
Fig. 2b and c. For high ionic conductivity, several factors are
essential: a sufficient number of charge carriers (Na ions),
accessible neighbouring sites or defects, low energy barriers for
ion movement, and well-defined conduction pathways.***° The
ionic conductivity (o) of crystalline inorganic SSEs is commonly
expressed through the Arrhenius equation:*

o= aoe(fEA/kBT) (1)
Here, 0, represents the pre-exponential factor, which includes
contributions such as charge carrier density; E, denotes the
activation energy for ion diffusion, reflecting the minimum
energy required for ions to overcome conduction bottlenecks; T
is the absolute temperature in Kelvin, which determines the
process through which mobile sodium ions interact with the
structural framework during the migration process; and kg
stands for the Boltzmann constant. Consequently, the overall
conductivity is influenced by the diffusion barrier, operating
temperature, and the pre-exponential factor—particularly the
carrier concentration. The diffusion barrier typically corre-
sponds to the energy needed to pass through narrow diffusion
channels. Strategies such as increasing mobile ion concentra-
tion, minimizing steric hindrance, and engineering continuous
diffusion networks can significantly enhance ionic conduc-
tivity.*»%* During this process, mobile Na“ ions dynamically
interact with the surrounding disordered matrix, with mobility
strongly dependent on thermal energy.

2.1.2 Organic species. Ion conduction in organic SSEs
operates under a fundamentally different principle compared to
inorganic crystalline materials. In these systems, sodium ion

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Temperature-dependent ionic conductivities of typical SSEs for sodium batteries.?®> Copyright 2018, Elsevier. (b) Na-ion transport

mechanism in ISEs.** Copyright 2023, The Royal Society of Chemistry. (c) The energy profiles associated with cation migration via direct vacancy
or interstitial hopping and correlated hopping.®® Copyright 2022, Springer Nature. (d) Na-ion transport mechanism in SPEs®® and (e) inorganic/
organic hybrid SSEs.”® Copyright 2015, The Royal Society of Chemistry. Copyright 2018, Elsevier.

transport is intimately linked to the segmental motion and
flexibility of polymer chains, driven largely by the repeated
coordination and de-coordination of Na" ions with polar func-
tional groups along the polymer backbone. Common coordi-
nating moieties such as ether oxygens, carbonyl groups, and
nitrile functionalities can form transient bonds with sodium
ions. When polymer chains undergo thermal motion like rota-
tion and creep, these coordination bonds break and reform,
enabling Na' ions to hop from one binding site to another,
thereby facilitating ion migration (Fig. 2d).***® The ionic
conductivity of organic SSEs is often modelled by the Arrhenius
equation (eqn (1)) or Vogel-Tammann-Fulcher (VTF) equation
(eqn (2)):*

T 172 7B/(T To)

(2)

g =20y

in which B represents the pseudo-activation energy for
conductivity, and Ty is a reference temperature, typically around
50 K below the glass transition temperature (T,). Most organic
SSEs exhibit poor conductivity at room temperature owing to
restricted chain mobility in highly ordered or crystalline
domains. Enhancing conductivity in these systems can be
achieved by reducing polymer crystallinity—thereby promoting

© 2026 The Author(s). Published by the Royal Society of Chemistry

greater segmental dynamics—and by increasing the number of
free, dissociated Na* ions available for conduction.®”

2.1.3 Organic-inorganic hybrid species. The hybrid
organic-inorganic domain is created through the integration of
the organic phase such as polymers with the inorganic phase
like ionic conductors to construct a continuous and efficient ion
transport network. The overall ionic conductivity of the hybrid
system depends critically on the specific chemical composition
and microstructural arrangement, typically described by VTF.
Sodium ion transport relies on the cooperative interaction
between both phases and their interfacial regions,”””* as shown
in Fig. 2e. The inorganic phase serves as a rapid conduction
scaffold, offering pathways with low activation energy for ion
movement, while the organic matrix fills structural gaps and
supports ion diffusion. At the interface, synergistic interactions
can lead to the formation of optimized conduction layers that
lower the energy barrier for ion transfer across phases, and in
some cases, even promote the emergence of new conductive
species.””* Generally, such well-integrated composite electro-
Iytes exhibit superior ionic conductivity compared to single-
phase materials, effectively overcoming the limitations of low
conductivity in organic components and poor interfacial
compatibility in inorganic ones.

Chem. Sci., 2026, 17, 4881-4907 | 4885
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Beyond theoretical modelling, electrochemical impedance
spectroscopy (EIS) is widely used to experimentally determine
the ionic conductivity of SSEs. In this method, the SSE is placed
between two ion-blocking electrodes (e.g., stainless steel),
allowing the calculation of ¢ using the formula:™

1
SR,

o= (3)
where I, S and R, represent the thickness, cross-sectional area
and total resistance of the electrolytes, respectively. The
resulting conductivity from EIS measurements is referred to as
apparent conductivity, as it accounts for contributions from
both cations and anions. To evaluate the relative contribution of
Na' ions, the ionic transference number (¢,) is introduced,
defined as:

- M
My +

ty (4)
with g, and u_ denoting the mobilities of cations (Na') and
anions, respectively. This parameter is crucial for assessing the
efficiency of Na' transport in SSEs. The transference number
can be determined via the steady-state current method using
symmetric cells with sodium metal electrodes (Na/SSE/Na).”® It
is calculated according to:

Is(AV — IhR
1= 7( £ 0) (5)
IO(AV — ISSRSS)

in which I is the steady-state current, I, represents the initial
current, R, and Ry are the initial and steady-state resistances,

View Article Online
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and AV denotes the applied constant potential (usually <10
mV). A higher ¢, value indicates more dominant Na' ion
conduction. Inorganic SSEs typically achieve transference
numbers approaching 126, reflecting nearly exclusive cationic
conduction. In contrast, polymer-based SSEs usually have ¢,
values below 0.5 due to the simultaneous and opposing
migration of both Na* cations and anions.

2.2 Interfacial failure modes in solid-state sodium batteries

Although interfacial issues are widely recognized as the primary
bottleneck in solid-state sodium batteries, their underlying
mechanisms are often discussed in a fragmented and qualita-
tive manner. In practice, interfacial failure rarely originates
from a single factor; instead, it emerges from the coupled
effects of interfacial chemistry, defect-mediated ion transport,
and mechanical mismatch.”® Sodium-specific properties—
including its stronger reducing character, lower elastic
modulus, and slower ion mobility compared to lithium—
amplify these couplings and give rise to failure modes that are
distinct from those in lithium-based solid-state systems. From
a chemical perspective, many sodium solid electrolytes are
thermodynamically unstable against sodium metal or high-
voltage cathodes, leading to continuous interphase growth
and increasing interfacial resistance.” Electrically, space-
charge layers and grain boundary barriers dominate ion trans-
port, explaining why high bulk ionic conductivity often fails to
translate into high effective conductivity at the cell level.
Mechanically, volume fluctuations during cycling and

Interfacial failure modes in solid-state sodium batteries

Failure Modes Origins & Mechanisms Mitigation Strategies

Chemical/
electrochemical instability ® Strong reducing nature of Na ® Artificial interphases
Interphase (growing)
® Narrow thermodynamic stability @ Stable buffer layers

® Unstable SEI/CEI

® Space-charge layer

 Blocking

Mechanical degradation

® Low elastic modulus of Na L]

® Volume fluctuation

S — ® Thermal mismatch
Cracking

Electrochemical failure

® Flux inhomogeneity

Nadendiiioay ® Defect-assisted growth

® Slower Na* transport kinetics ®

Grain boundary blocking

® Electro-chemo-mechanical coupling L]

® Surface coatings

® |Interfacial doping
Grain boundary engineering

® Mixed ionic-electronic interlayers

Soft/gradient interlayers
® Polymer-ceramic hybrids

® Elastic modulus matching

@ Flux homogenization
@ Dual chemomechanical barriers

Defect-tolerant designs

Electrical, chemical, and mechanical interfacial failures are intrinsically coupled and collectively
govern sodium dendrite formation and battery performance.

Fig. 3 Schematic framework illustrating dominant interfacial failure modes in solid-state sodium batteries. The framework emphasizes the
coupled nature of interfacial chemistry, defect physics, and mechanical properties in determining practical battery performance.
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mismatched elastic moduli induce interfacial debonding and
crack formation, which further localize current density and
accelerate degradation. These chemical, electrical, and
mechanical processes are intrinsically coupled and collectively
promote electrochemical failure, such as sodium dendrite
nucleation and penetration under practical current densities.
Fig. 3 summarizes the dominant interfacial failure modes in
solid-state sodium batteries, their sodium-specific origins, and
corresponding mitigation strategies. This framework highlights
that addressing interfacial challenges requires integrated
design approaches rather than isolated materials optimization.

2.2.1 Chemical and electrochemical interfacial instability.
Chemical and electrochemical instability at the electrode-elec-
trolyte interface represents the earliest and most pervasive
failure mode in solid-state sodium batteries. The degradation
mechanisms of SSEs related to chemical and electrochemical
stability mainly arise from undesirable chemical reactions with
electrode materials and intrinsic decomposition occurring
within certain voltage windows.””® These processes contribute
to a substantial rise in interfacial impedance and the depletion
of active components. Compared to Li, Na shows stronger
reducibility, which is more likely to result in the formation of an
unstable SEI/CEI The electrochemical stability window of an
SSE is fundamentally linked to the energy difference (E,)
between its highest occupied molecular orbital (HOMO, anal-
ogous to the valence band) and lowest unoccupied molecular
orbital (LUMO, corresponding to the conduction band).** As
illustrated in Fig. 4a, thermodynamic compatibility at the
interface depends on whether the chemical potential of the
electrodes (Uanode OF Kcathode) lies within the HOMO-LUMO

© 2026 The Author(s). Published by the Royal Society of Chemistry

range. If uanoqe €xceeds the LUMO level, reduction occurs at the
anode interface; similarly, if ucachode falls below the HOMO
level, oxidation takes place at the cathode side, leading to
interlayer formation. In practice, however, the electrode
potentials often exceed the electrochemical stability window of
the electrolyte, triggering complex and persistent interfacial
side reactions. This leads to the continuous formation of
interphases such as the SEI and cathode-electrolyte interphase
(CEI). For instance, inorganic solid electrolytes can react
chemically with cathodes, producing resistive by-products like
oxides or fluorides that hinder ion conduction pathways.*' In
contrast, organic solid electrolytes are prone to oxidative
breakdown at high voltages or reductive decomposition when in
contact with sodium metal anodes at low potentials, thereby
undermining electrolyte integrity.*> Such degradation
phenomena cause a rapid increase in interfacial resistance and
a marked reduction in ionic conductivity, ultimately impairing
charge-discharge efficiency and reducing the cycle lifespan of
the batteries.

2.2.2 Electrical blocking and space-charge-dominated
transport. Beyond chemical decomposition and mechanical
degradation, electrical blocking at solid-solid interfaces
constitutes a critical yet frequently underestimated failure
mode in solid-state sodium batteries. In many reported
systems, high bulk ionic conductivity measured from dense
electrolyte pellets does not translate into efficient ion transport
at the cell level. Instead, ion migration is dominated by inter-
facial resistance arising from space-charge layers, grain
boundary barriers, and electronically insulating interphases.®
The formation of space-charge layers at electrode-electrolyte
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interfaces is particularly pronounced in sodium-based systems.
Owing to the larger ionic radius and lower mobility of Na*
compared to Li*, even modest interfacial potential gradients
can induce substantial redistribution of charge carriers near the
interface. This leads to sodium-ion depletion or accumulation
zones that effectively block ion transport, resulting in a sharp
increase in interfacial impedance.*** In polycrystalline inor-
ganic electrolytes such as NASICONs and oxides, similar
blocking effects arise at grain boundaries, where compositional
inhomogeneity, secondary phases, or defect segregation further
hinder Na' migration. These electrical bottlenecks provide
a compelling explanation for the widespread discrepancy
between bulk conductivity and practical electrochemical
performance.®® Although many sodium solid electrolytes exhibit
room-temperature conductivities exceeding 10> S cm ™, the
effective conductivity governing full-cell operation is often
orders of magnitude lower. As a consequence, critical current
densities remain limited, and stable sodium plating/stripping is
difficult to sustain under practically relevant areal capacities.
Importantly, electrical blocking effects are not static; they tend
to intensify during cycling as interfacial reactions, mechanical
damage, and defect accumulation further amplify local poten-
tial gradients and ion flux heterogeneity. Mitigating electrical
blocking requires strategies that explicitly target interfacial ion
transport rather than further optimization of bulk lattice
conductivity. Promising approaches include interfacial doping
to modify local defect chemistry, grain boundary engineering to
reduce transport barriers, and the introduction of thin mixed
ionic-electronic interlayers that homogenize sodium-ion flux
while maintaining overall electrochemical stability.*”*° These
considerations underscore that overcoming electrical blocking
is central to bridging the gap between impressive materials-level
properties and durable, high-rate solid-state sodium battery
performance.

2.2.3 Mechanical degradation and interfacial delamina-
tion. Generally, differences in composition and structure at the
interface between the SSE and the electrode material may result
in the generation of decomposition byproducts, which can
result in mechanical failure to hinder either ionic or electronic
conductivity.”* This issue is far more intricate than the solid-
liquid interface interactions observed in conventional liquid
electrolyte batteries, as the inherent rigidity and limited flexi-
bility of solid electrolytes can impose excessive mechanical
stress on battery components. A significant mismatch in
thermal expansion coefficients between the SSEs and adjacent
electrodes may lead to interfacial stress build-up under
temperature fluctuations, promoting delamination, as illus-
trated in Fig. 4b.?>~* Inorganic SSEs, such as oxide- and halide-
based materials, generally possess high thermal stability, with
decomposition temperatures significantly exceeding those of
organic electrolytes—some oxide ceramics remain stable above
1000 °C. Despite this, the interfacial reactions with the elec-
trodes may be exacerbated at high temperatures.” In contrast,
organic electrolytes, which have low thermal resistance, tend to
soften or melt at high temperatures, resulting in decreased
mechanical strength and a weakened ability to suppress
dendrite growth, even accelerating side reactions at the
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electrode interface. Thermal stability failure causes the battery
to lose its ion conduction function at extreme temperatures and
may induce chain reactions, intensifying the risk of battery
thermal runaway and endangering operational safety.”®®”
Mechanical degradation not only increases interfacial resis-
tance but also accelerates chemical and electrochemical failure
by locally amplifying current density.

2.2.4 Electrochemical failure: sodium dendrite nucleation
and penetration. Sodium dendrite formation should be viewed
as a coupled electrochemical failure mode rather than an iso-
lated phenomenon. In solid-state sodium batteries, sodium
dendrite formation is strongly coupled with structural defects
such as cracks, pores, and grain boundaries within the elec-
trolyte.”®*® These defects locally distort the electric field and
sodium-ion flux, leading to pronounced current focusing at
defect tips. As a result, sodium ions preferentially migrate
toward these regions, significantly lowering the nucleation
barrier for metallic sodium deposition that evolves into needle-
like dendritic structures.'*®'** Once sodium nucleates within
defects, continued deposition generates local mechanical stress
due to volumetric expansion, which further propagates cracks
and enlarges existing defects. This electro-chemo-mechanical
coupling establishes a positive feedback loop, whereby defect-
assisted sodium growth accelerates electrolyte degradation,
enables dendrite penetration and ultimately triggers internal
short circuits, as shown in Fig. 4c.*** Such behavior is particu-
larly severe in sodium systems due to the lower elastic modulus
of sodium metal, slower Na' transport kinetics, and higher
chemical reactivity at defect-rich interfaces.

3 Solid-state electrolyte design
3.1 Organic solid-state electrolytes

Organic solid-state electrolytes (OSE) generally consist of an
organic compound matrix and sodium salts.'®* Most polymer
electrolytes still suffer from low ionic conductivity at room
temperature and unsatisfactory Na® transference numbers,
which significantly limit their practical application.”*%>**
According to the type of organic matrix, OSE can mainly be
divided into polymer SSEs and gel SSEs.

3.1.1 Polymer SSEs. SPEs primarily consist of a polymer
matrix, either entirely free of or containing only trace amounts
of liquid phases.”'® Owing to their low cost and excellent
processability, polymer solid electrolytes are widely considered
as one of the most promising candidates for commercial
SSSBs.' Nevertheless, several obstacles hinder their wide-
spread application, particularly their typically low ionic
conductivity under ambient conditions (often below
10~° S cm™ ') mainly due to the high T, of the polymer frame-
work that limits chain mobility.’”” To overcome this limitation,
polymer electrolytes usually operate at elevated temperatures
above T, (usually 60-80 °C), where enhanced segmental
mobility improves ion transport. However, such thermal acti-
vation decreases mechanical strength, resulting in a transition
of the electrolyte from a solid to quasi-liquid state, thereby
increasing safety risks such as dendrite penetration and
thermal runaway. Consequently, current research focuses on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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balancing high ionic conductivity with robust mechanical
properties. Polymers with polar functional groups (e.g., ether
oxygen bonds and carbonyl groups) such as PEO and PVDF are
commonly selected to strengthen sodium ion solvation, facili-
tating salt dissociation and ion mobility."”® For example,
a fluorinated polymer membrane (PCUF) was fabricated by
chemically cross-linking a fluorinated MOF within a PVDF-HFP
matrix, as displayed in Fig. 5a.'* This synergy enables a high
ionic conductivity of 2.59 x 10™* S cm™" at room temperature
and achieves an exceptional Na" transference number of 0.910.
During thermal degradation, PCUF releases fluorine-containing
radicals that effectively quench reactive gas-phase radicals,
interrupting combustion propagation. The intrinsic flame-
retardant behavior raises the onset temperature of thermal
decomposition, enhancing overall thermal stability (Fig. 5b).
Beyond these representative systems, various polymer modifi-
cation strategies—including fluorination, block copolymer
design, and single-ion conducting architectures—have been
explored to enhance sodium ion transport and interfacial
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stability. While these approaches can improve specific perfor-
mance metrics, their fundamental trade-offs between ionic
conductivity, mechanical strength,
stability remain largely similar.*****
3.1.2 Gel polymer electrolyte. Gel polymer electrolytes
(GPEs) were initially proposed by Feuillade and Perche in 1975.*
These electrolytes are constructed from a hybrid system
comprising a polymer scaffold infused with a certain amount of
liquid plasticizers or liquid electrolytes, forming a semi-solid
composite structure.'®'® To facilitate ion transport, low-
viscosity plasticizers with high dielectric constants, such as
carbonate-based solvents, are incorporated into the polymer
matrix, establishing a cooperative conduction mechanism
between the polymer and liquid phases.””** This unique
architecture allows GPEs to combine the superior safety features
of SSEs with the high ionic conductivity typical of liquid elec-
trolytes."”*** In contrast to conventional liquid electrolytes, GPEs
mitigate leakage risks, thereby enhancing operational safety.
Moreover, due to the presence of mobile liquid components, they
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(a) Schematic illustration of the design principle of PCUF SSEs. (b) Ignition experiments of PH and PCUF membranes.*® Copyright 2025,
Wiley-VCH. (c) Chronoamperometry curve and impedance variation,

liner fitting plots for ¢ and voltage—time curves of the GPE and LE.*?

Copyright 2025, Wiley-VCH. (d) lonic conductivities of ISSEs and the corresponding electrochemical stability windows.®* Copyright 2023, Wiley-
VCH. (e) SEM images of sodium metal, NZSP and NZSbSP in corresponding symmetric cells cycled at 60 °C.**” Copyright 2025, Elsevier.
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maintain a high ionic conductivity of ~10* S cm " at room
temperature, significantly outperforming SPEs. Despite these
advantages, challenges remain, including insufficient mechan-
ical strength and low Na" transference numbers (typically below
0.5). As a result, current research efforts focus on optimizing the
trade-off between high ionic conductivity, mechanical robust-
ness, and interfacial stability. Inspired by the capsule concept,
Jiao et al. designed a capsule-inspired GPE based on triethyl
phosphate (TEP) featuring a co-sustained release mechanism."*
By embedding TEP within an insoluble ethoxylated tri-
methylolpropane triacrylate matrix alongside carbonate co-
solvents, they effectively suppressed the corrosive interaction
between TEP and the sodium metal anode while maintaining
continuous flame-retardant functionality. The resulting electro-
lyte exhibited a high ionic conductivity of 1.24 mS cm ™,
a transference number of 0.48 for Na‘, and a stable electro-
chemical window of 4.68 V, as presented in Fig. 5c. Numerous gel
polymer electrolyte designs have been reported with variations in
polymer  backbones, plasticizers, and  cross-linking
strategies.””"** Although these systems often achieve higher
room-temperature conductivity than dry polymer electrolytes,
their sodium-ion transference numbers and mechanical robust-
ness remain limited, underscoring the persistent trade-off
between ionic mobility and structural integrity.

3.2 Inorganic solid-state electrolytes

ISEs are based on inorganic compounds such as crystals and
glassy states. They possess advantages such as high ionic
conductivity, good chemical stability, and high pressure resis-
tance. According to their crystal structure and composition,
they can be classified into various types (Fig. 5d).

3.2.1 Na-B-alumina. Among various inorganic solid-state
electrolytes for sodium batteries, Na-B-Al,O3, particularly -
Al, O3, stands out as the most established and industrially
validated material. Unlike most emerging solid electrolytes that
remain confined to laboratory-scale demonstrations, B’-Al,03
has been extensively used for decades in high-temperature
molten sodium batteries, such as Na-S and Na-NiCl, systems
as mentioned above.* In these configurations, the electrolyte
operates at elevated temperatures (typically 250-350 °C), where
its two-dimensional Na“ conduction planes enable ionic
conductivities exceeding 10~' S em ™", supporting high power
output and long cycle life. Na-B-alumina is a layered inorganic
solid electrolyte based on aluminum oxide, which features an
interlayer capable of hosting a large number of mobile sodium
ions, contributing to relatively high room-temperature ionic
conductivity.’*®*** Of these, B"-Al,0; demonstrates superior
ionic conductivity due to its higher Na* ion density within the
two-dimensional conduction planes and an expanded unit cell
volume that promotes easier ion movement.”***** As a result,
single-phase fB”-Al,0; can achieve superior ionic conductivity
under ambient conditions. However, pure B"-Al,0; suffers from
limited mechanical strength (with a fracture strength of 200
MPa) and poor thermodynamic stability, posing challenges for
synthesis."** It tends to decompose into Al,O0; and Na-B-Al,O; at
elevated temperatures near 1500 °C.'***3

4890 | Chem. Sci, 2026, 17, 4881-4907

View Article Online

Review

To improve both ionic conductivity and mechanical perfor-
mance, various strategies have been explored, including the
substitution of AI** with foreign cations such as Li*, Mg**, Nb*",
Ti*" and Zr**, which modify the Na* content in the conduction
layers."****® For instance, Chen et al.*** doped B-Al,0; with
a 0.5 wt% Cu*" stabilizing agent, boosting ionic conductivity to
1.2 x 1072 S em ™. They further introduced an In,S; interlayer
between the sodium anode and the electrolyte, forming
a composite layer composed of an Na-In alloy and Na,S that
exhibited mixed ionic-electronic conductivity. This strategy
improved interfacial electrochemical stability and enabled
efficient Na' transport. Various aliovalent dopants and
secondary phases have been introduced to stabilize the B” phase
and enhance ionic conductivity; however, these compositional
optimizations do not fundamentally resolve the interfacial and
mechanical challenges encountered in lower-temperature solid-
state configurations.*****® Traditional solid-state synthesis of
Na-B-Al,O; typically involves high sintering temperatures and
prolonged processing times, often leading to decomposition of
the desired B’-Al,0; phase. To overcome these limitations,
alternative fabrication techniques such as co-precipitation, sol-
gel processes, microwave-assisted heating, and mechano-
chemical synthesis have been developed.'**'*'7~'>> Despite
these advances, achieving highly homogeneous and conductive
B"’-Al,O; remains difficult due to issues such as sodium vola-
tilization, abnormal grain growth, moisture sensitivity from
boundary-phase NaAlO, formation, and residual impurities.*
Process improvements like the double-zeta sintering method
and spark plasma sintering (SPS) can enhance densification;
however, the former demands extreme temperatures (up to 1600
°C), while the latter requires expensive equipment, limiting
scalability.'>**%°

3.2.2 NASICONSs. NASICON-type electrolytes, typically rep-
resented by the general formula Na,.,Zr,Si,P; ,O;,, are among
the most extensively studied inorganic solid electrolytes for
sodium batteries. Their three-dimensional anionic framework
enables isotropic Na* transport, offering a fundamental struc-
tural advantage over layered conductors such as B”-Al,05.1%¢7*%®
As a result, NASICON materials can achieve room-temperature
ionic conductivities in the range of 107*-107* S em™' and
exhibit good chemical stability toward a variety of cathode
materials.’®*'** Despite these favorable bulk properties, the
practical performance of NASICON-based solid-state sodium
batteries remains limited. A recurring observation is the
pronounced discrepancy between high bulk ionic conductivity
and poor effective conductivity at the cell level."*>'®* Grain
boundary resistance, interfacial instability against sodium
metal, and the formation of resistive interphases collectively
dominate ion transport, leading to low critical current densities
and premature cell failure.'**'*® These limitations highlight
that interfacial processes, rather than intrinsic lattice transport,
govern the electrochemical performance of NASICON-based
systems.

To address these challenges, extensive efforts have focused
on compositional tuning and microstructural engineering.
Representative approaches include aliovalent cation substitu-
tion to optimize lattice dimensions and grain boundary
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chemistry, as well as surface modification strategies aimed at
stabilizing the Na/NASICON interface.'®*% Akbar et al. intro-
duced Sb>" into the NZSP lattice to tailor the crystal structure
and facilitate ion mobility."”® The resulting Na; 1Zr; ¢Sbg 1Si,-
PO;, (NZSbSP) exhibited a room-temperature ionic conductivity
of 5.1 x 10" S em ™', improved structural stability, lowered
grain boundary resistance, and effectively suppressed Na
dendrite formation (Fig. 5e)."*” While such methods can reduce
grain boundary impedance and improve cycling stability under
moderate conditions, the resulting gains in full-cell perfor-
mance remain incremental, and stable operation at practically
relevant current densities remains difficult to achieve. Overall,
NASICON-type electrolytes illustrate a broader challenge in
solid-state sodium batteries: excellent bulk transport properties
alone are insufficient to guarantee robust cell-level perfor-
mance. Further progress will therefore depend less on
continued optimization of lattice conductivity and more on
interface engineering, defect control, and mechanically
compliant cell architectures capable of sustaining uniform Na*
flux under realistic operating conditions.

3.2.3 Sulfides. Sulfide-based solid electrolytes, including
compounds such as NazMS, (M = P, Sb) and Nay;Sn,PS,,, are
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characterized by exceptionally high ionic conductivity, ease of
low-temperature densification, and favorable compatibility with
sodium metal anodes."”*"”* The large ionic radii and moderate
electronegativity inherent to sulfur atoms enable the formation
of crystal architectures that support rapid ion transport. By
employing techniques such as ball milling and thermal
annealing, researchers can control phase purity and particle
size, thereby minimizing interfacial resistance.””*'’® Addition-
ally, halogen doping (e.g. using CI™ and Br™) has been shown to
expand the electrochemical stability window, suppressing
oxidative degradation at elevated voltages and enhancing both
chemical and electrochemical robustness. While W-doped
Na;SbS, systems such as Na, ggSbg gsWo.12Ss have been re-
ported to exhibit total ionic conductivities above 3 x
1072 S em ™' at room temperature, these values include contri-
butions from grain boundary effects, which can mask true bulk
performance.””” To reveal intrinsic conduction behavior,
Konigseriter et al. utilized low-temperature broadband imped-
ance spectroscopy (down to —130 °C) to isolate the bulk
conductivity of Na, ¢Sby oW, 1S, (Fig. 6a)."”® The measured bulk
conductivity reached 1.8 x 10*> S cm™ ' even at low tempera-
ture, indicating strong inherent Na' migration. Currently, the
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(a) Conductivity of Na.oSbg 9Wq 1S4.278 Copyright 2025, American Chemical Society. (b) The scheme diagram of Na,S-1.3ZrCl, SSEs and

Na,S-3.3ZrCl, SSEs.**® Copyright 2025, Wiley-VCH. (c) RT ionic conductivities of MCl,~xNa,CO3z samples (M = Ta, Nb, Hf, Zr, and Al).***
Copyright 2025, The Royal Society of Chemistry. (d) Schematic illustration of the inorganic—organic hybrid SSE.*#2 Copyright 2023, Wiley-VCH.
(e) Mechanical properties of PEO@LM electrolyte.*®* Copyright 2024, Wiley-VCH.
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main limitation to overall conductivity lies in grain boundary
resistance rather than the bulk ionic transport itself, suggesting
that targeted grain boundary engineering, such as interface
modification or microstructural optimization, could signifi-
cantly improve total conductivity.

Despite their outstanding ionic transport properties, sulfide-
based electrolytes face significant challenges related to envi-
ronmental instability. They are highly hygroscopic and prone to
hydrolysis upon exposure to moisture, susceptible to oxidation
when paired with high-voltage cathodes, and may undergo
reduction reactions in contact with metallic sodium, severely
restricting their practical deployment. Guo et al. introduced
a multi-cation co-substitution strategy using Sn, W, Ca, and Ti
at the Sb site in Naz_5Sb;_4,(SnWCaTi),S,."”® This approach
not only generated a high concentration of sodium vacancies
but also increased the configurational entropy of the lattice,
stabilizing the crystal structure. The resulting high-entropy
electrolyte achieved a room-temperature ionic conductivity of
6.3 x 107> S ecm ™" with a remarkably low activation energy of
0.15 eV. Besides, the ionic conductivity remained at 5.3 x
107% S cm ™! after 10 minutes in air with 50% relative humidity,
and no structural degradation was observed, even upon direct
exposure to water.

3.2.4 Other inorganic solid electrolytes. Apart from the
above-mentioned electrolytes, other ISEs include halide,
hydride, and hybrid inorganic electrolytes, etc.'*»'** While these
systems may not yet match the ionic conductivity or electro-
chemical stability of mainstream counterparts, they offer
distinct advantages that make them worthy of investigation.
Halide-based sodium solid electrolytes, for instance, typically
have the general formula Na3,xM1,xM;X6, where M denotes
a transition metal, lanthanide, or element from the boron/
nitrogen group, M’ refers to Zr or its substituted variants, and
X stands for one or more halogen elements.*> Owing to the
higher electronegativity of halide ions relative to 0>~ and S*7,
halide electrolytes generally demonstrate superior oxidative
stability. Among them, Na,ZrCls is the most studied chloride-
based sodium conductor, albeit with a modest ionic conduc-
tivity of approximately 107> S cm™'.*® Recent studies indicate
that incorporating oxygen can effectively improve ion trans-
port.*®® Ruoff et al. employed mechanochemical synthesis using
Na,O to introduce oxygen into NaAlCl,, achieving an optimized
conductivity exceeding 1 x 10™* S em™'.' Hydride-based
electrolytes, which consist of Na' ions paired with complex
anions such as (BH,) , (NH,)~, (AlH4)", and (ByoHy0)>", are
notable for their excellent reductive stability, mechanical flexi-
bility, and low mass density.'®® In particular, borohydride-based
SSEs exhibit favorable Na* conduction and good compatibility
with metallic sodium anodes, though their application is
limited by insufficient thermal and oxidative resilience.*®

Growing attention has been directed toward hybrid inor-
ganic systems. Dong et al. developed a new class of sulfide-
chloride composite electrolytes (Na-Zr-S-Cl), yielding two
phases: a chlorine-deficient form (Na,S-1.3ZrCl,) and a chlo-
rine-rich counterpart (Na,S-3.3ZrCl,), as illustrated in
Fig. 6b."® The latter delivered a high ionic conductivity of 4.89
x 107* S em ™', whereas the former showed superior chemical
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stability. Besides, the strategic integration of multiple anions to
form amorphous frameworks has proven effective in simulta-
neously enhancing various electrolyte characteristics. Wang
et al. synthesized a series of amorphous SSEs (MCl,~xNa,CO;, M
= Ta, Nb, Hf, Zr, Al) via high-energy ball milling.*** The TaCls-
-1.2Na,CO; electrolyte achieved a high ionic conductivity of
1.11 x 107* S em ™' at room temperature (Fig. 6¢).

3.3 Inorganic-organic hybrid solid-state electrolytes

Inorganic-organic hybrid SSEs are composite systems formed
by combining inorganic and organic components through
either physical blending or chemical linkage, aiming to leverage
the mechanical flexibility of polymers and the high ionic
conductivity of inorganic phases to achieve complementary
performance enhancements.'® In these systems, polymers such
as PEO and PVDF-HFP serve as continuous frameworks that
provide structural flexibility and interfacial adaptability, while
dispersed inorganic fillers, such as NASICON-type ceramics or
sulfide-based conductors, act as ion-conducting reinforcements
that establish efficient Na® transport networks, thereby
enhancing overall ionic mobility."*'*> By adjusting the filler
loading, particle size, and dispersion homogeneity, the inter-
facial resistance between the two phases can be effectively
minimized. For instance, Wang et al. engineered a bilayer
architecture comprising a PEO layer adjacent to the sodium
metal anode and a polyacrylonitrile (PAN)-based layer facing the
high-voltage cathode,® as displayed in Fig. 6d. This approach
introduced additional Na* conduction pathways and promoted
segmental motion of PEO chains, yielding a thin (25 pm),
lightweight (1.65 mg ecm ) and mechanically robust (13.84
MPa) CPE with an ionic conductivity of 1.62 x 10 S em™".
Although conventional inorganic fillers enhance stiffness to
help suppress dendrite penetration, they often compromise
material toughness and lack the ability to heal existing defects
or mitigate “dead sodium” formation. To address this, modern
designs exploit the rigidity of inorganic components to hinder
dendrite propagation, while utilizing the elasticity of the
organic phase to accommodate volume fluctuations during
cycling, thus simultaneously improving ion transport efficiency
and interfacial durability.***'* Suo et al. incorporated liquid
metal (GalnSn) nanoparticles into a PEO matrix, creating
a highly resilient PEO@LM composite with electric-field-driven
self-healing functionality.'®* The liquid metal filler reduced PEO
crystallinity via hydrogen bonding interactions, boosting ionic
conductivity to 1.62 x 10~* S ecm™" and expanding the electro-
chemical window to 5.2 V, which enabled self-healing at the
electrolyte-anode interface through electric-field-induced
migration (Fig. 6e). Metal-organic frameworks (MOFs) repre-
sent another promising class of inert fillers for CPEs, owing to
their well-defined porosity, large surface area, abundant surface
functional groups, and excellent thermal and chemical
stability.” Tian et al. incorporated a 3D Cu-MOF into a PEO-
based electrolyte, where open metal sites competitively coordi-
nated with both TFSI” anions and ether oxygens in PEO,
weakening the binding between Na* and the polymer chain.'*®
This facilitated ion release and migration, leading to a room-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature conductivity of 1.03 x 1°* S em™ ", a cation trans-
ference number of 0.58, and effective suppression of dendritic
plating.

4 Interface engineering

Interfacial challenges remain a critical bottleneck in advancing
SSSBs.”'** The anode-electrolyte and cathode-electrolyte
interfaces are two core components of SSSBs, both of which face
common issues that restrict battery performance.*®**
However, the two interfaces also have distinct problems due to
differences in potential environments and material
characteristics.?*%

4.1 Anode-electrolyte interface

For SSSBs, the anode/electrolyte interface is critical, primarily
concerning the physical and chemical contact between sodium
metal or alloy anodes and solid electrolytes, which must facili-
tate efficient ion conduction pathways. Achieving reversible
sodium plating and stripping without dendrite formation
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remains a key challenge.****** Research indicates that polymer-
based electrolytes generally offer more stable and closer inter-
facial contact with sodium anodes compared to inorganic solid
electrolytes, where dendritic growth is prevalent, which often
leads to grain boundary penetration. Furthermore, repeated
volume expansion and contraction of the sodium anode during
cycling can degrade interfacial adhesion, resulting in poor long-
term cycling stability.?*>**® Therefore, effective interfacial engi-
neering between sodium anodes and inorganic solid electro-
lytes is essential to minimize interfacial resistance and improve
overall battery performance.

4.1.1 SSE design. Due to their inherent brittleness, -Al,O3
and NASICON-type electrolytes typically require high-
temperature pressing techniques to achieve intimate interfa-
cial contact. The interfacial contact of the metallic anode with
the SSE significantly influences the cycling stability of SSSBs. In
one case, the NASICON-type electrolyte has been modified
through phase tuning to form Nagz 36Zr; 645C0.3651,PO15 (NZSSP),
synthesized via solid-state reactive sintering.'®® When sintered
at 1150 °C, NZSSP exhibits a remarkably lower interfacial

(c) NZSsP-1000 300 °C

(d) NZSSP-1050 300 °C

(a) EIS spectra of Na/NZSSP/Na symmetrical cells. (b) Pictures of Na on different SSEs.*¢® Copyright 2023, American Chemical Society. (c)

Surface evolution with time due to creep.?2°® Copyright 2021, American Chemical Society. (d) Fabrication and SEM images of the C@Na-K
interface.?® Copyright 2023, American Chemical Society. (e) The electrochemical performance of Pb decorated NazHf,Si,PO;,.2"* Copyright
2022, The Royal Society of Chemistry. (f) Schematic diagram of the NazSbS4/Na interface with the (PYR/Na)TFSI interlayer.2*> Copyright 2022,

Elsevier.
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impedance of 4.7 Q cm® (Fig. 7a) and a higher critical current
density of 0.85 mA cm > compared to the NZSP at 30 °C.
Additionally, the rhombohedral phase of NASICON demon-
strates stronger sodium adsorption energy and a reduced
contact angle as shown in Fig. 7b, promoting better interfacial
compatibility and facilitating smoother sodium deposition and
dissolution processes. Applying external stack pressure during
cell assembly has also been explored as a means to improve
interfacial contact and reduce resistance at both anode and
cathode interfaces. Kundu et al investigated the effect of
mechanical pressure on interfacial reactivity in sodium-SSE
interfaces, reporting the development of a dense interphase in
the Na-Na;PS, system under moderate pressure.””” However,
continued growth of this ionically resistive layer leads to
a steady rise in impedance over time. Moreover, after cold-
pressing procedures, gaps often form between the sodium
anode and electrolyte due to insufficient adhesion, negatively
impacting electrochemical performance. In contrast, the Na/B-
Al,O; system exhibits superior interfacial stability with minimal
parasitic reactions, highlighting its potential for stable sodium
metal anode integration.””® Wu et al. employed a 3D time-
resolved model to detect the evolution of interfaces between
sodium metal and Na-B”-Al,0; SSE.>* As presented in Fig. 7c,
sodium metal achieved more favorable contact with the SSE
than lithium, resulting in lower interfacial resistance.

4.1.2 Regulating interfacial wettability. Improving the
interfacial wettability between the anode and SSE is a promising
strategy to effectively lower interfacial impedance.*** It has been
proposed that using liquid sodium or sodium-based alloys like
Na-K and Na-Ce can achieve excellent interfacial contact
without the need for additional liquid additives. These sodium
alloys remain in a liquid state at room temperature, which not
only enhances interface compatibility but also inherently
suppresses dendrite formation. Liu et al. developed a quasi-
liquid alloy anode interface (C@Na-K) that exhibits both
stability and dendrite-inhibiting characteristics for use in
SSSBs, as shown in Fig. 7d.*'° Thanks to the superior wetting
behaviour of the liquid phase between the anode and SSE,
continuous physical contact is maintained, promoting efficient
charge transfer and leading to enhanced electrochemical
performance. Interfacial reactivity also plays a crucial role in
determining wettability, with stronger chemical interactions
generally improving wetting performance. Wang et al. investi-
gated interfacial reactivity by coating NASICON-type NazHf),-
Si,PO;, (NHSP) electrolytes with various metals including Pb,
Sn, Cu, and Cr to evaluate their impact on interfacial properties
and charge transfer kinetics.>** Among the metals, Pb demon-
strated optimal results, forming an interphase with sodium that
exhibited excellent wettability and rapid ion conduction. This
contributed to enhanced interfacial stability, enabling the Pb-
modified NHSP-based battery to operate stably for over 2400
hours at ambient temperature and achieve a critical current
density of 2.5 mA em ™ at 60 °C (Fig. 7e). Drawing inspiration
from the favourable interfacial characteristics of liquid elec-
trolytes, researchers have introduced organic liquids and ionic
liquids (ILs) as wetting agents to improve contact between the
anode and SSE. In one study, Wang's group proposed an
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effective interlayer by utilizing an IL electrolyte to stabilize the
Na/SSE interface, as illustrated in Fig. 7f.**> Owing to its high
electrochemical stability and strong wetting ability, the FeS,||Na
quasi-solid-state battery achieved a remarkable specific capacity
exceeding 300 mAh g~ ' at 20 mA g~ and retained a capacity of
103 mAh g~ ' after 330 cycles at 100 mA g !, demonstrating
exceptional long-term cycling durability.

4.1.3 Introducing functional interlayers. Introducing an
interlayer with high ionic conductivity, negligible electronic
conduction, and excellent chemical compatibility with both the
sodium anode and SSE at the anode-electrolyte interface can
significantly improve interfacial characteristics.”* Such
a design helps minimize interfacial resistance and ensures
robust physical contact. Huo et al. developed an integrated,
sandwich-structured NZSP-based composite electrolyte by
engineering artificial interfacial layers on both electrode
sides.””® A uniformly coated SbF; layer on the anode side of
NZSP rapidly reacts during discharge to form a conductive layer
containing Na,Sb and NaF, which effectively hinders dendritic
sodium growth (Fig. 8a). Owing to this tailored interface
architecture, symmetric cells achieved a critical current density
of 1.9 mA cm 2 and exhibited exceptional cycling stability,
sustaining uniform plating/stripping for over 2600 hours at
current densities of 0.1 and 0.2 mA cm >, respectively. Chen's
group introduced an innovative interfacial healing approach for
SSSBs, leveraging an electro-triggered polymerization process
accelerated by charged microdroplets and enhancing the poly-
merization rate by 21.4 times.”*® The strategy utilizes charge-
driven electrowetting to enable rapid and uniform deposition
of protective coatings at the interface, which not only extend air
stability but also selectively infiltrate microcracks and voids,
thereby reinforcing interfacial integrity, improving component
compatibility, and preventing crack propagation induced by
dendrite penetration. As a result, a remarkably high critical
current density of 6.8 mA cm™> was attained, and full cells
demonstrated stable operation for more than 1000 cycles at
1.0C. Artificial SEI engineering has also proven effective in
addressing interfacial instability. Qi et al. fabricated a poly(-
methyl methacrylate) (poly(MMA))-based artificial SEI on
commercial hard carbon anodes.””” The engineered interface
modifies the Na'-DME solvation structure at the inner Helm-
holtz plane, transforming it into a coordinated environment
involving Na'-DME and poly(MMA) (Fig. 8b). This reconfigu-
ration promotes efficient desolvation of Na* ions and acceler-
ates interfacial ion transport, leading to outstanding rate
capability (236 mAh g~' at 5C) and exceptional long-term
stability, with 99% capacity retention after 1000 cycles.

4.1.4 Developing sodium anode composites or alloys.
Beyond interfacial modification strategies, fabricating sodium-
based alloys or composite anodes represents another prom-
ising route to mitigate interfacial challenges.*”**** One such
composite anode was synthesized by melting a mixture of 5 wt%
indium and 95 wt% sodium at 180 °C, resulting in a dispersed
sodiophilic Na,In phase.*® As shown in Fig. 8c, this bulk
reconstruction approach creates abundant sodiophilic sites
both on the surface and within the bulk, effectively alleviating
issues related to dendrite formation, interfacial delamination,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Society.

and localized current accumulation. When paired with the
NZSP electrolyte, symmetric cells employing this modified
anode operated stably for over 1000 hours at 0.3 mA cm ™2, vastly
outperforming conventional sodium metal anodes, which
typically fail within 10 hours under similar conditions (Fig. 8d).
Furthermore, a highly stable gradient-structured composite
anode was developed via in situ conversion and alloying reac-
tions between SbF; and molten sodium.”” This composite
features a tightly bonded solid-solid interface with the sodium
superionic conductor oxide electrolyte, enriched with NaF at the
boundary and Na;Sb within the bulk anode. The dual-phase
architecture suppresses dendrite nucleation while facilitating
rapid bulk-to-interface sodium ion transport. Leveraging these
advantages, both symmetric and full battery configurations
incorporating this composite anode exhibit superior electro-
chemical performance, highlighting the potential of composi-
tional and structural engineering in next-generation sodium
metal anodes.

4.2 Cathode-electrolyte interface

The physical contact between the cathode and SSE at the
microscopic level typically remains limited to point-to-point
interaction, resulting in elevated interfacial impedance and
sluggish kinetics of sodium ion migration. Furthermore,
repeated volume changes of cathodes during sodium ion
insertion and extraction processes can induce mechanical
separation at the cathode-electrolyte interface, exacerbating

© 2026 The Author(s). Published by the Royal Society of Chemistry

interfacial degradation.””* This deterioration further increases
resistance and accelerates capacity fading, ultimately reducing
the cycle life of SSSBs. Besides, the cathode-electrolyte interface
operates under high electrochemical potentials, creating
favorable conditions for redox side reactions. These approaches
aim to suppress undesirable side reactions at high voltages,
accommodate volumetric strain during cycling, reduce interfa-
cial resistance, prevent loss of ionic conductivity due to inter-
face separation or insulating byproduct formation and thereby
enhance overall cycling stability (Fig. 9a).?>

4.2.1 Composites of electrolytes and cathodes. In conven-
tional fabrication methods for SSSBs, the cathode and electro-
Iyte are independently prepared and later assembled under
high pressure. This approach results in only surface contact
between the cathode and SSE, restricting ionic conduction
pathways and limiting ion transport efficiency.”** A widely
adopted solution for both inorganic and organic solid electro-
lyte systems involves fabricating composite cathodes by
uniformly mixing active materials with SSEs. For instance, bulk-
type SSSBs have been successfully constructed by chemically
infiltrating the precursor solution of the Na;V,P;0;, cathode
into the framework of the Naj,Zr,Si, 4Pos01, electrolyte
(Fig. 9b), which facilitated the formation of a well-integrated
Na,;V,P;0;, nanolayer on the Naj;,Zr,Si, 4Py0:, skeleton,
promoting efficient ion transport while mitigating mechanical
stress arising from volume changes during repeated cycles.”* As
a result, stable electrochemical performance is achieved at

Chem. Sci., 2026, 17, 4881-4907 | 4895
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room temperature. Despite such improvements, the contact
remains largely physical and point-based, making it difficult to
achieve optimal lattice matching necessary for fast Na* diffu-
sion. Moreover, continuous expansion and contraction may still
lead to interfacial separation over time, weakening ion
conduction and degrading cycling behavior. Honma et al.
demonstrated an alternative approach through pressure-less co-
firing at 550 °C, integrating Na,FeP,0; crystallized glass with
a B”-Al,0; solid electrolyte.>*® During the crystallization process
of the Na,O-Fe,0;-P,05 glass system, atomic-scale fusion with
the B”-Al,0; occurs, forming both physical and chemical bonds
at the interface. This robust integration significantly lowers
interfacial resistance and prevents separation, enabling the cell
to maintain structural integrity over 623 cycles without perfor-
mance decay.

4.2.2 Wetting agents on the interface. The inherent
advantages of liquid electrolytes, particularly for their excellent
wettability and high ionic mobility, make them superior to solid
electrolytes in establishing intimate interfacial contact.*” To
leverage these properties, both organic liquid electrolytes and
ILs have been employed as interfacial wetting agents to improve
adhesion between the cathode and SSE, thereby facilitating
faster sodium ion transport kinetics. However, conventional
liquid electrolytes suffer from thermal instability, limiting their
practical use. In contrast, ILs are favored due to their non-
flammable nature, negligible vapor pressure, and outstanding

4896 | Chem. Sci, 2026, 17, 4881-4907

thermal and electrochemical robustness. Hagiwara et al.
developed a Na[PF¢]-[DEME][PF,] IL that exhibits exceptional
oxidative stability up to 5.2 V on pT and over 4.5 V on conductive
carbon, effectively preventing oxidative degradation of B-Al,0;
solid electrolytes while enhancing interfacial compatibility
between the cathode and electrolyte.”” This improvement
extends the electrochemical stability window in hybrid solid
electrolyte systems. Utilizing the B-Al,O5/IL electrolyte configu-
ration, a hybrid SSSB incorporating the high-voltage cathode
material NazV,(PO,4),F; (NVPF) was successfully fabricated,
demonstrating high energy density and excellent cycling dura-
bility, as displayed in Fig. 9c. Liu et al. constructed a fluidic
interfacial layer (NBT) on a NazHf,Si,PO;, solid electrolyte
through a facile in situ chemical reaction, as shown in Fig. 9d.>*®
It possesses high fluidity and superior ionic conductivity,
ensuring tight, homogeneous interfacial contact and enabling
rapid and uniform sodium ion transport. This optimized
interface significantly reduces interfacial resistance and effec-
tively hinders the growth of sodium dendrites. Consequently,
highly reversible sodium plating and stripping were achieved
with minimal overpotential, even under a high current density
of 0.5 mA cm 2.

4.2.3 Interlayer/interphase between the cathode and elec-
trolyte. It has been widely observed that when operating above
3.8 V, especially with oxide- or sulfide-based solid electrolytes,
side electrochemical reactions occur at the cathode-electrolyte

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interface. These undesired reactions not only decompose the
electrolyte but also restrict the use of high-voltage cathode
materials.”*® To address this issue, inserting a functional
interlayer or constructing a stable interphase between the
cathode and SSE has emerged as a promising strategy to inhibit
interfacial decomposition and lower charge transfer resistance.
For instance, introducing a multiferroic BiFeO; (BFO) layer on
the cathode surface activates a synergistic ferroelectric—
magnetic effect at the NaNi,sMn,50,-electrolyte interface
(Fig. 10a), significantly boosting its fast-charging capability and
long-term cycling stability.>** First, the synergy regulated the
nucleation and growth of the interfacial phase, promoting the
formation of a thin and NaF-rich layer that enhanced interfacial
ion transport. Second, the optimized layer ensured a uniform
distribution of sodium ions across the interface, accelerating
charge transfer Kkinetics. Third, the design alleviated local
distortion within the NiOg octahedra, reducing structural strain
during cycling and improving overall electrode integrity. Li's
group introduced sodium polyvinyl sulfonate (NaPVS) as
a multifunctional cathode additive to regulate the interface
between the cathode and PEO-based electrolyte in SSSBs, as
shown in Fig. 10b.>*? Strong ion-dipole interactions between the
sulfonate groups in NaPVS and the cathode surface enabled
homogeneous dispersion of the additive. During the initial

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrochemical cycles, a cathode-electrolyte interphase
composed of both organic and inorganic sulfur-containing
compounds is in situ formed. This protective layer effectively
prevents direct contact between the PEO electrolyte and the
high-voltage cathode, thereby enhancing the oxidative stability
of the polymer electrolyte under elevated potentials. Moreover,
polyethylene glycol has also been explored as an additive in
NASICON-type quasi-solid electrolytes.®®® The integration
enhances the coordination environment between Na* ions and
solvent molecules, which stabilizes the solvation structure while
simultaneously reducing solvent evaporation, thereby leading
to improved ionic conductivity and enhanced interfacial
compatibility between the electrolyte and electrodes.

4.2.4 Structural design of the electrolyte and cathode. As
previously discussed, composite electrolytes that combine the
high ionic conductivity of inorganic ceramics with the flexibility
of organic polymers have been developed to minimize interfa-
cial resistance between solid electrolytes and electrodes.
Besides, structural design of both the electrolyte and cathode
has emerged as a powerful strategy for achieving close and
durable interfacial contact. Wen et al. designed a B"-Al,0;
electrolyte featuring a vertically aligned porous-dense bilayer
architecture to address key interfacial challenges.>** The upper
carbon-coated porous layer acts as a host for the high-loading

Chem. Sci., 2026, 17, 4881-4907 | 4897


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09313a

Open Access Article. Published on 28 January 2026. Downloaded on 6/21/2026 4:52:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

NVP material, enabling efficient electron and ion transport
pathways. Meanwhile, the underlying dense layer serves as
a mechanical barrier that inhibits sodium dendrite penetration
and enhances the structural integrity of the electrolyte. As
a consequence, this architecture enabled a cathode loading up
to 8 mg cm 2, while the resulting battery delivered a reversible
specific capacity of 87 mAh g~ and maintained 95.5% capacity
retention over 100 cycles at 0.1C, which surpass those of
conventional dense B”-Al,O; electrolyte-based SSSBs. A mono-
lithic multilayer electrolyte comprising two porous layers
sandwiching a central dense layer was fabricated by
substituting Zr*" sites with AI** ions in a Naj 4Zr,(Sig.sPo.204)s
ceramic framework, effectively lowering interfacial resistance
and suppressing dendrite formation.** Sulfur was introduced
into one porous segment via vapor deposition, while molten
sodium was infused into the opposite porous region, forming
integrated electrode components. The unique design signifi-
cantly reduces interfacial impedance and enables the develop-
ment of high-performance solid-state sodium-sulfur batteries.
The cell exhibited excellent cyclability, maintaining a discharge
capacity of 300 mAh g~ after 480 cycles at a current density of
300 mA g~ (Fig. 10c), highlighting the effectiveness of archi-
tectural design in advancing solid-state battery technology.

5 Conclusions and outlook: from
materials discovery to deployable
solid-state sodium batteries

Despite substantial progress in the development of solid-state
electrolytes for sodium batteries, the translation of promising
materials properties into durable, high-performance full cells
remains limited. This gap reflects not only unresolved materials
challenges, but also a broader mismatch between laboratory-
scale performance metrics and practical cell-level require-
ments. In particular, the widespread emphasis on achieving
high bulk ionic conductivity has often obscured more critical
factors, including interfacial resistance, mechanical integrity,
critical current density, and long-term stability under realistic
operating conditions.

Looking forward, it is instructive to distinguish between
challenges that are fundamentally materials-limited and those
that are predominantly engineering-limited. For polymer-based
electrolytes, low room-temperature conductivity and insuffi-
cient oxidative stability remain intrinsic materials constraints,
suggesting that their near-term deployment is most realistic in
moderately elevated temperature regimes or hybrid configura-
tions. In contrast, many inorganic electrolytes, including
sulfides and NASICON-type ceramics, already exhibit adequate
ionic conductivity, but suffer from severe interfacial and pro-
cessing challenges, indicating that further progress will depend
primarily on interface engineering, microstructural control, and
scalable fabrication strategies rather than continued bulk
material optimization.

B"-Al,03-based electrolytes provide an instructive example of
this distinction. Their long-standing success in high-
temperature molten sodium batteries demonstrates that
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exceptional ionic conductivity and chemical stability can be
achieved when materials properties are well matched with
operating conditions. However, attempts to translate these
advantages to lower-temperature solid-state configurations
reveal that interfacial impedance, mechanical brittleness, and
thermal mismatch rapidly become dominant limitations. These
observations highlight that the viability of solid-state sodium
batteries is inherently application-dependent, and that direct
extrapolation from lithium-based solid-state paradigms may be
neither necessary nor optimal.

From a technological perspective, the most realistic deploy-
ment pathways for solid-state sodium batteries in the next 5-10
years are likely to emerge in application spaces where sodium
chemistry offers intrinsic advantages. These include large-scale
stationary energy storage, high-temperature or thermally
managed systems, and cost-sensitive applications that can
tolerate moderate energy density in exchange for improved
safety, durability, and resource sustainability. In such contexts,
hybrid solid-state architectures, graded interfaces, and
composite electrolytes that balance mechanical compliance
with ionic transport may offer more immediate impact than
fully inorganic, room-temperature sodium-metal
configurations.

More broadly, sodium-based solid-state systems should not
be viewed merely as lower-cost analogues of lithium solid-state
batteries. Instead, their future competitiveness will depend on
identifying operating regimes and cell designs that exploit the
distinct electrochemical, mechanical, and thermodynamic
characteristics of sodium. Achieving this goal will require a shift
in research emphasis—from maximizing isolated materials
metrics toward integrated cell-level design principles that
explicitly couple ion transport, interfacial chemistry, and
mechanical stability. By aligning materials development with
realistic application targets, solid-state sodium batteries may
ultimately establish technological niches that are complemen-
tary to, rather than directly competitive with, their lithium
counterparts.
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