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ABSTRACT: All-solid-state sodium-metal batteries (ASS-SMBs) are
promising for safe, sustainable energy storage, but their advancement
requires solid electrolytes that combine fast bulk Na* transport with sta-
ble interfaces, two factors that are intrinsically coupled. This review pre-
sents a descriptor-based perspective on sodium-ion conduction across
major inorganic electrolyte families, including oxides, sulfides, halides,
anti-perovskites, and complex hydrides. We emphasize how crystal struc-
ture, defect chemistry, lattice dynamics, and grain-boundary characteris-
tics govern migration pathways, transport heterogeneity, and interfacial
evolution. We then examine the origins of key interfacial challenges, such
as space-charge effects, contact loss, interphase instability, and dendrite
initiation and relate them to bulk transport descriptors across different
electrolyte systems. Finally, we summarize current design and inter-

~ ™

Interfacial challenges

Poor Contact & Voids

L P
Chemical Instability

=
o =

Dendrites

Na metal
anode

Design strategies

=3 o

Na* transport

Composition
»
ST

Coating/interlayer
T

Inorganic Cathode
solid electrolyte composite

Interface design

face-engineering strategies and propose cross-family design rules for developing practical inorganic solid electrolytes for ASS-SMBs.

S odium-based batteries are attracting increasing attention as
cost-effective and resource-abundant alternatives to Li-ion
batteries for large-scale energy storage."” Within this broad
class, all-solid-state sodium-metal batteries (ASS-SMBs) are
particularly attractive because metallic sodium provides a low
redox potential of —2.71 V versus SHE and a high theoretical
specific capacity of 1166 mAh g~'> Compared with hard-
carbon-anode solid-state sodium-ion batteries, which typically
deliver practical energy densities of approximately 160 Wh/kg,
Na-metal configurations offer a more direct route toward higher
energy density.* However, realizing this advantage requires
solid electrolytes that simultaneously provide fast Na™ trans-
port, chemical/electrochemical stability, and robust interfacial
compatibility with Na metal.

Inorganic solid electrolytes are central to ASS-SMBs because
they combine high ionic conductivity with non-flammability,
good thermal stability, and, in principle, sufficient mechanical
strength to suppress dendrite penetration.” However, the use
of a rigid solid electrolyte does not remove the challenges of
the sodium metal anode; instead, it shifts them to the Na-
metal/solid—electrolyte interface, where solid—solid contact is
inherently susceptible to poor wettability, high interfacial resis-
tance, and mechanical degradation during repeated plating/
stripping.5’6

Unlike conventional reviews that organize inorganic sodium
solid electrolytes primarily by crystal structure, chemical family,
or isolated performance metrics, this review adopts a descriptor-
based framework that links structure/defects, Na* transport,
interfacial stability, and cell-level performance. The central value
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of this framework is that it identifies transferable descriptors
across different electrolyte families, including mobile-ion con-
centration, defect chemistry, migration barriers, bottleneck
geometry, lattice softness/polarizability, chemical disorder,
grain-boundary characteristics, and transport heterogeneity.
These descriptors govern not only intrinsic Na* conductivity
but also transport heterogeneity, space-charge formation, inter-
phase evolution, contact stability, and dendrite tolerance. By
connecting these bulk and interfacial descriptors within a uni-
fied mechanistic chain, this framework enables cross-family
comparison and provides design guidance that extends beyond
material-specific conductivity optimization. The aim of this
review is therefore not only to summarize representative elec-
trolyte families, including Na-B/p"Al,0,, NASICON, sulfides,
anti-perovskites, halides, and complex hydrides, but also to
extract cross-family design rules that connect materials descrip-
tors to device-relevant behavior. On this basis, we first discuss
fundamental ion-transport mechanisms and interfacial issues,
survey the structural features and conduction modes of major
inorganic sodium solid electrolytes, and finally summarize
strategies to improve conductivity and interfacial stability,
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together with future directions toward practical ASS-SMBs
(Figure 1).

B TRANSPORT DESCRIPTORS AND TRANSPORT-
INTERFACE COUPLING

Single-lon and Cooperative Na* Transport

Na™ transport in solid electrolytes proceeds through thermally
activated jumps between lattice sites and is governed by point
defects and the local migration energy landscape.” Defect chem-
istry controls the concentration of mobile carriers, whereas
migration barriers determine the intrinsic resistance to ion hop-
ping.” In crystalline solids, Na* transport generally occurs
through vacancy-, interstitial-, or interstitialcy-type pathways,
depending on site connectivity and defect distribution
(Figure 2a). The temperature dependence of ionic conductivity
() can be described by a modified Arrhenius relationship:

A BT
o= — s/ "B 1
= M

where kg is the Boltzmann constant, T is the temperature,
and A is the pre-exponential factor, and E_ is the activation
energy.

While Na™ transport has long been described in terms of
independent single-ion hopping, recent studies indicate that
concerted migration can play an important role in many sodium
conductors. In Na-rich or strongly interacting sublattices, excess
Na™ jons may occupy higher-energy sites and migrate coopera-
tively by displacing neighboring ions, leading to partial cancella-
tion of migration barriers (Figure 2b). Such correlated multi-ion
motion can lower the effective activation barrier and signifi-
cantly enhance ionic conductivity.” This mechanism is particu-
larly prominent in densely packed or strongly interacting Na*
sublattices and provides an important design principle for devel-
oping fast sodium-ion solid electrolytes.

Structural and Chemical Descriptors Governing Na*
Mobility

Anionic Frameworks and Bottleneck Dimensions

The mobility of Na* ions is strongly governed by the topology
of the anionic framework, which defines both the connectivity
of stable/metastable sites and the geometry of accessible migra-
tion pathways. Recent studies show that fast sodium-ion trans-
port is favored in frameworks that provide structurally
equivalent, facet-sharing pathways with relatively low migration
barriers, as exemplified by bcc-like anion arrangements
(Figure 3a).”

A key geometric parameter is the bottleneck size, namely
the triangular channel formed by neighboring anions through
which Na* migrates (Figure 3b). For Na*, larger bottlenecks
generally reduce steric and electrostatic constraints and lower
migration barriers, whereas smaller bottlenecks impede migra-
tion and increase transport resistance.® Because bottleneck
size is determined by crystal geometry, it can be tuned only
indirectly ~ through  chemical substitution or lattice
modification.

Beyond static structure, dynamic anion units can also facili-
tate Na® migration through rotationally or vibrationally
assisted pathway opening.” As illustrated in Figure 3c—e, anion

4855

NASICON

h.x A

Figure 1. Schematic funnel diagram illustrating the convergence of
material design and interface engineering to mitigate contact failure,
chemical instability, and mechanical degradation in representative inor-
ganic solid electrolytes for ASS-SMBs.

migration, local vibration, and rotational motion can all modu-
late the local energy landscape, particularly when their frequen-
cies are comparable to those of the migrating Na* ions.”'"
These mechanisms have been observed in systems containing
dynamic anionic units such as [SbS,]*” and BxHy.H’12
Although the detailed coupling mechanisms remain under
debate, dynamically active anionic frameworks represent a
promising route for designing high-conductivity sodium solid
electrolytes.”

Lattice Dynamics and Chemical Disorder

The migration-energy landscape of sodium ions is governed not
only by crystal geometry but also by lattice dynamics and the
nature of Na—anion interactions. In particular, softer anionic
frameworks generally correlate with lower migration barriers
and higher ionic conductivity because weaker and more deform-
able Na—anion bonding facilitates ion hopping.” As shown in
Figure 4a, highly polarizable anions can weaken Na—anion
interactions and thereby reduce the energetic cost of migration.
However, this effect is not universally beneficial, since excessive
lattice softening may also lower the pre-exponential factor and
offset gains in conductivity.”

Chemical disorder provides another important route for
enhancing Na*™ mobility. In highly ordered lattices, ion trans-
port is often limited by an uneven site-energy landscape and
restricted local dynamics.'® By contrast, disorder introduced
through doping, mixed-anion substitution, or rotationally active
frameworks can disrupt long-range order, broaden the distribu-
tion of accessible sites, and promote more favorable migration
pathways (Figure 4b)."* More generally, disorder can flatten
the local energy landscape and create networks of energetically
similar neighboring sites, enabling percolative Na* transport
(Figure 4c—e). This idea is particularly relevant to high-entropy
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Figure 2. (a) Schematic illustration of point defects, Na* migration pathways, and grain and grain-boundary structures in solid electrolytes.® Adapted
with permission from ref 8. Copyright 2023 Royal Society of Chemistry. (b) Conceptual diagram of the energy barriers required for single-ion dif-
fusion and concerted multi-ion migration.” Adapted from ref 7. Available under a CC-BY 4.0. Copyright 2017 Springer Nature.

electrolytes, where multi-element substitution may enhance
transport by increasing local distortion and site-energy overlap,
although the underlying mechanisms remain insufficiently
understood."*

B FROM BULK TRANSPORT TO INTERFACIAL
DEGRADATION

The performance of ASS-SMBs critically depends on the integ-
rity of the electrode/electrolyte interface. However, interfacial
degradation does not arise independently of the electrolyte
bulk; rather, it reflects how bulk transport characteristics man-
ifest once ion transport is subjected to interfacial and micro-
structural constraints.'® Defect chemistry determines the
concentration and stability of mobile Na™ carriers, while
migration barriers govern the intrinsic resistance to ion hop-
ping. These barriers are further modulated by lattice dynamics
and chemical disorder, which together shape the local trans-
port landscape.*!” For example, in soft lattices, dynamic struc-
tural motions may transiently lower migration barriers and
facilitate Na* transport, whereas chemical disorder can intro-
duce spatial fluctuations in local transport kinetics.
Consequently, even electrolytes with similar average ionic con-
ductivities may exhibit markedly different degrees of transport
heterogeneity. At the electrode—electrolyte interface, such het-
erogeneity can produce nonuniform Na* flux, local overpoten-
tial buildup, current focusing, and stress concentration, thereby
accelerating pore formation, dendrite nucleation, and interfa-
cial degradation.'® Thus, interfacial failure is closely connected

4856

to the same structural and chemical descriptors that govern
bulk Na* transport.

Space-Charge Layers and Transport Heterogeneity

For polycrystalline ceramic solid electrolytes, grain boundaries
(GBs) are critical to both ionic transport and interfacial stabil-
ity."” Compared with the bulk, GBs often exhibit higher migra-
tion barriers and can also act as sites of local stress
accumulation, thereby promoting mechanical degradation and,
in some cases, facilitating sodium penetration and dendrite for-
mation.”” A common origin of this transport resistance is the
formation of space-charge layers at GBs, where local charge
imbalance alters the concentration of mobile Na* carriers and
produces grain-boundary regions with reduced ionic conductiv-
ity."” The carrier concentration within this layer significantly
influences overall GB conductivity, which can be quantitatively
expressed as:

G Ly

Ogp = —— ()
® CpRpS

where L, is the electrode spacing, Ry, is the grain-boundary
resistance, S is the electrode area, and C, and C ob are the bulk
and GB capacitances, respectively.”'

Importantly, the carrier concentration in the grain-boundary
region, Cy,, is not independent of the bulk but is determined by
the same defect-formation equilibria that govern the bulk carrier
concentration, C,. The space-charge potential, and thus Cg,

https://doi.org/10.1021/acsenergylett.6c01041
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Figure 3. Schematic representation of the structural factors affecting sodium-ion migration. (a) Simulated diffusion paths (left) and corresponding
energy profiles (right) of individual lithium and sodium ions migrating through different fixed anion sublattices: body-centered cubic (bcc) S, face-
centered cubic (fcc) O, and hexagonal close-packed (hep) Cl™ anion sublattices.” Reproduced from ref 2. Available under a CC-BY 4.0. Copyright
2023 Springer Nature. (b) Conceptual diagram showing the impact of bottleneck size on Na* migration efficiency.® Adapted with permission from ref
8. Copyright 2023 Royal Society of Chemistry. (c—e) Three representative modes of anionic group dynamics that can enhance Na™ mobility:
(c) rotational motion, (d) local vibrational displacement, and (e) translational migration.9 Adapted with permission from ref 9. Copyright 2022
Royal Society of Chemistry.
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sion from ref 13. Copyright 2024 Springer Nature. (c) High-entropy strategy introducing multiple cation species to enhance configurational entropy
and induce local lattice distortions. (d) Local structural distortion leads to overlapping site energy levels, reducing energy barriers for ion hopping.
(e) Formation of percolation pathways composed of energetically similar neighboring sites (purple circles), enabling fast and continuous Na™ ion
migration."* Reproduced with permission from ref 14. Copyright 2022 American Association for the Advancement of Science.
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depends sensitively on the local defect chemistry.”' As a result,
electrolytes with similar bulk conductivities can still display very
different grain-boundary resistances if their defect chemistries
respond differently to the broken periodicity at grain bound-
aries. High bulk ionic conductivity alone does not guarantee
interfacial stability because local defect distributions and trans-
port heterogeneity govern local Na* accumulation and interfa-
cial evolution.

This principle can be seen by comparing different material
families. The overall influence of grain boundaries on Na*
transport in sulfide Na,PS, is markedly smaller than in oxides.
The tetragonal phase of Na,PS, exhibits a total ionic conductiv-
ity of 3.39 X 107 S cm™" at 25 °C, with grain-boundary contri-
butions being nearly negligible compared to bulk transport.** In
contrast, in NASICON-type oxides, Na,Zr,Si P,_ O, typically
exhibits a bulk Na* conductivity of 5~6 X 107> S ecm™" at RT;
however, the high formation energy of Na vacancies at grain
boundaries creates a depletion layer that impedes ion transport
in these regions, resulting in a final conductivity limited to
approximately 0.1 X 107> S cm™".** This comparison demon-
strates that the same bulk transport descriptors could translate
into very different grain-boundary behaviors depending on the
local chemical environment and the nature of the space-
charge layer. Bulk conductivity alone therefore cannot be used
to predict low grain-boundary resistance or stable interfacial
behavior.®

Pore Formation and Sodium Dendrites

Unlike liquid electrolytes, rigid solid—solid contacts in SSEs are
prone to interfacial voids and contact loss, which hinder Na™*
transport, increase impedance, and cause current constriction.'®
On the cathode side, repeated Na™ insertion/extraction induces
anisotropic lattice strain and localized stress. On the anode side,
when stripping current exceeds Na vacancy diffusion in the
metal, vacancies accumulate at the interface and coalesce into
voids, raising local field and current density to promote dendrite
growth."”

Importantly, the critical current density (CCD) is not an
intrinsic material constant, but a practical parameter determined
by the interfacial current distribution, which is itself strongly
influenced by the bulk transport properties of the SSE. When
the electrolyte exhibits anisotropic ionic conduction or hetero-
geneous grain-boundary transport, local chemical potential gra-
dients become steeper, which lowers the practical CCD even
when the average bulk conductivity remains high. Such trans-
port heterogeneity can promote localized sodium deposition
during plating and sodium depletion during stripping.** Once
interfacial voids form, they further intensify the local electric
field, creating a positive feedback loop that accelerates dendrite
nucleation and growth. This mechanistic picture helps explain
why SSEs with similar bulk conductivities can display markedly
different dendrite tolerance: interfacial stability is governed not
only by average conductivity but also by the spatial heterogene-
ity of ion transport.”®

Thermodynamic Instability and Transport-Induced
Degradation

The degradation of the Na/SSE interface can arise from two
fundamentally distinct origins, and distinguishing them is essen-
tial for rational electrolyte design. One is thermodynamic insta-
bility of SSEs, which is commonly discussed in terms of the
electrochemical stability window (ESW) of the electrolyte.
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Figure S. Schematic illustration of the ESW of solid electrolyte. p,
and i refer to the energy levels of the anode and cathode, respec-
tively. LUMO and HOMO represent the lowest unoccupied and high-
est occupied molecular orbitals of the SE, respectively. V__ refers to the
open-circuit voltage of the cell. Type 1 corresponds to a thermodynam-
ically stable interface, whereas Type 2 represents a kinetically stable
interface.® Adapted with permission from ref 8. Copyright 2023
Royal Society of Chemistry.

Schematically, this can be understood from alignment between
the electrode chemical potentials () and the electronic struc-
ture of the electrolyte, more generally represented by its reduc-
tion and oxidation limits.”® The thermodynamically stable
interface (Type 1, Figure S) is expected when the anode chem-
ical potential (LA) remains below the reduction limit of the SSE
and the cathode chemical potential (LC) remains above its oxi-
dation limit, thereby preventing spontaneous electron or hole
transfer across the interface. Conversely, the kinetically stable
interface (Type 2, Figure S) occurs when either pHA exceeds
the reduction limit or pC falls below the oxidation limit; inter-
facial redox reactions become thermodynamically allowed. In
such cases, the actual interfacial behavior depends strongly on
the nature of the decomposition products. If the reaction prod-
ucts form an electronically insulating but ionically conducting
solid-electrolyte interphase (SEI), further decomposition may
be kinetically suppressed, and the interface can exhibit apparent
stability under practical operating conditions.® If they form a
mixed jon-electron conducting (MIEC) layer, electrons con-
tinue to flow, and the reaction proceeds unchecked.”
Reported ESW values should be interpreted with caution
because the experimentally observed stability window can
depend strongly on the measurement configuration rather than
reflecting an absolute material constant.”® Experimental studies
show that measurement parameters strongly affect the apparent
ESW of solid electrolytes. For Na,PS,, an inert working elec-
trode like gold or stainless steel yields a broad 0—5 V window,
but using sodium metal as the reference electrode at 0.1 mA
cm™? causes rapid decomposition.”® Cyclic voltammetry reveals
that different scanning modes, working electrode materials, or
two-electrode versus three-electrode configurations give differ-
ent oxidation and reduction limits. A two-electrode setup often
produces a wider window because it cannot clearly separate
Faradaic currents from capacitive contributions.”” For
NASICON-type oxides, increasing the scan rate from 0.1 to
1 mV s in cyclic voltammetry causes a shift of several hundred
millivolts in the observed anode decomposition onset point, as
the faster scan rate exceeds the kinetic reaction rate of the
decomposition products at the interface. Conversely, a slower
scan rate (<0.01 mV s™') brings the conditions closer to

https://doi.org/10.1021/acsenergylett.6c01041
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equilibrium and narrows the observation window as it
approaches the thermodynamic limit.”” These findings confirm
that reported ESW values are not absolute material constants
but condition-dependent parameters. Any reported stability
metric must therefore be accompanied by a full description of
the measurement conditions.*®

A second and fundamentally different origin of failure is
transport-induced interfacial degradation, which does not nec-
essarily require any chemical reaction between sodium and the
electrolyte. Instead, it arises from spatially non-uniform ion
transport, local current concentration, void formation, and den-
drite propagation. In practice, interfacial stability is therefore
governed by the coupled effects of chemical reactivity and trans-
port heterogeneity.'® For example, even a thermodynamically
unstable electrolyte may remain temporarily protected if it
forms a passivating interphase that is both electronically block-
ing and mechanically intact. However, if transport heterogeneity
generates localized current concentrations, the associated stress
can fracture this interphase, expose fresh electrolyte, and reacti-
vate interfacial decomposition.'® Conversely, an electrolyte with
relatively transport uniformity may still fail if it is thermody-
namically unstable and forms an MIEC interphase. Thus, the
practical stability of an ASS-SMB emerges from the coupled
evolution of chemical reactivity and transport heterogeneity.'”

B SOLID ELECTROLYTES
Oxide Solid Electrolytes: Na-f/f"-Al,0,

Na-B/p"AL 0, (BASE) is one of the classical sodium-ion solid
electrolytes and remains an important oxide reference system
for understanding the relationship between crystal structure,
anisotropic transport, and interfacial stability.”® As illustrated
in Figure 6a, Na-B-Al,O; adopts a hexagonal layered structure,
whereas Na-$™-AL,O, has a rhombohedral framework with

larger conduction space and higher vacancy concentration, lead-
ing to much higher in-plane Na* conductivity, reaching 0.2~0.4
S cm™! at RT.*” However, the 8" phase is also more sensitive to
moisture, thermal decomposition, and mechanical degradation,
so practical systems often rely on B/B” mixed phases to balance
conductivity with processability.

Na® transport in Na-B-AlL,O; proceeds within the conduc-
tion planes through an interstitial-pairing mechanism involving
symmetry-related sites (Figure 6b).*° Cation substitution can
further tune the local charge environment and Na* occupancy
in these planes. In general, lower-valent dopants such as Li"
or Mg?* can enhance conductivity by increasing Na* popula-
tion in the conduction layers, whereas excessive doping may
induce phase segregation and degrade both conductivity and
mechanical stability.>!

Processing and mechanical constraints are also important for
p-alumina electrolytes. Conventional solid-state sintering typi-
cally requires temperatures above 1600 °C, which can induce
sodium volatilization, grain coarsening, and reduced p~phase
content, whereas lower-temperature routes such as
microwave-assisted synthesis and Spark plasma sintering
(SPS) can improve densification control and reduce Na loss.**
At the same time, the intrinsic brittleness of p-alumina (fracture
toughness ~2—3 MPa m'/2) makes it susceptible to microcrack-
ing under stack pressure, highlighting the importance of lower-
temperature processing and mechanically toughened architec-
tures for practical application.’

More broadly, studies on BASE in classical molten-Na bat-
tery systems also offer broader design principles that remain
highly relevant to present-day solid-state sodium batteries. In
particular, the practical performance of f-alumina is strongly
influenced not only by its intrinsic Na™ conductivity but also
by sodium wetting, interfacial contact retention, and the
mechanical response of the Na/electrolyte interface. Earlier
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Figure 6. (a) Crystal structures of Na-B-ALO; (left) and Na-B"AL,0, (right). (b) Schematic illustration of Na* migration within the conduction

planes.’® Adapted with permission from ref 30. Copyright 1979 Elsevier.
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studies on Na—S, ZEBRA, and related BASE-based systems
showed that insufficient Na wetting at reduced temperature
readily increases interfacial resistance and promotes contact fail-
ure, whereas improved sodiophilicity can markedly lower the
contact barrier and extend stable cycling.”> More recent
interface-engineering studies further show that wetting-
promoting interlayers, elastic interfacial architectures, and
locally deformable contact phases can suppress void formation,
homogenize Na* flux, and improve tolerance against dendritic
grow‘ch.z’4 These observations indicate that, even for a classical
oxide electrolyte such as ™-alumina, practical interfacial stability
is governed not by bulk conductivity alone but by the coupled
effects of transport uniformity, sodium affinity, contact mechan-
ics, and interphase evolution. In this respect, f-alumina provides
a useful bridge between traditional molten-Na batteries and
modern solid-state sodium systems and highlights design princi-
ples that are also relevant to NASICON, sulfide, and halide
electrolytes.

Oxide Solid Electrolytes: NASICON Electrolytes

In contrast to the two-dimensional Na* conduction in
p-alumina, NASICON (Na Super Ionic Conductor) offers a
highly efficient three-dimensional ion transport network.
NASICON-type electrolytes with the general formula Na,
Z1,Si Py O, (NZSP) consist of corner-sharing ZrOy octa-
hedra and (Si, P)O, tetrahedra, forming interconnected migra-
tion channels for fast Na™ transport. Depending on Na content,
Si/P ratio, and temperature, NZSP can adopt rhombohedral or
monoclinic polymorphs (Figure 7a). The rhombohedral phase
(R 3 ¢) is generally stabilized at low (x < 2.8) and high (x >
3.2) Na contents, whereas the monoclinic phase is favored at
intermediate compositions (2.8 < x < 3.2) at RT.*® In the
rhombohedral structure, Na™ occupies crystallographically dis-
tinct Na sites, including Nal sites with antiprismatic oxygen
coordination and Na2 sites with more distorted coordination
environments involving both ZrO, and XO, units.””
Increasing Na content and Si substitution redistribute Na*
among these sites and can induce Na-site splitting during the
monoclinic transformation, thereby modifying the topology of
the Na* migration network.*®

From a transport perspective, the ionic conductivity of
NASICON is primarily governed by several coupled descrip-
tors, including the Na*/vacancy ratio, Na-site connectivity, oxy-
gen bottleneck geometry, and the migration-barrier landscape.
An optimal balance between mobile Na* carriers and vacant
sites is required because excessive vacancies reduce carrier con-
centration, whereas excessive Na* occupancy can increase elec-
trostatic repulsion and hinder long-range diffusion. Near the
optimized NZSP composition, the Na* energy landscape
becomes flatter, enabling lower-barrier migration.39 In addition
to isolated single-ion hopping, cooperative Na* migration can
further reduce the effective activation barrier when local Na*
configurations and vacancy distributions are favorable
(Figure 7b,c).*> The triangular oxygen bottlenecks formed
between ZrO4 octahedra and PO,/SiO, tetrahedra are there-
fore critical structural descriptors because their size and distor-
tion directly regulate Na* mobility.>®

Compositional regulation is a primary strategy for optimizing
bulk Na* transport in NASICON electrolytes. Aliovalent dop-
ing can regulate the Na*/vacancy ratio and carrier concentra-
tion (Figure 7e), while isovalent or multivalent substitution
can modify bottleneck geometry and facilitate Na™ migration
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(Figure 7d).>%” These effects indicate that the conductivity
enhancement in NASICON-type electrolytes is not governed
by carrier concentration alone but by the coupled optimization
of Na* occupancy, vacancy availability, bottleneck geometry,
and local framework flexibility.

Processing and microstructural control constitute a separate
but equally important requirement for translating favorable bulk
transport into practical cell performance. Recent reviews and
interface-focused studies show that the practical behavior of
NZSP cannot be understood from bulk conductivity alone,
but must be considered in terms of the coupled effects of defect
chemistry, grain-boundary composition, microstructure, and
Na-metal interfacial stability."®*’ Processing-induced heteroge-
neity, including Na/P volatilization, secondary phases, grain-
boundary segregation, pore formation, and surface contamina-
tion, can substantially alter both effective Na* transport and
local interfacial chemistry.'”*' Consequently, NZSP electrolytes
with similar nominal bulk conductivities may still exhibit mark-
edly different Na wettability, interfacial resistance, critical cur-
rent density, and metal-filament tolerance. Recent studies
further show that regulating composition, Na—O aflinity,
grain-boundary chemistry, or biphasic microstructure can
improve bulk transport while stabilizing the Na/NZSP
interface.*' ~**

These processing-related challenges are further coupled with
the intrinsic mechanical and densification characteristics of
NASICON electrolytes. NASICON has moderate moduli
(56-96 GPa) but low fracture toughness (1-1.5 MPa m'/?),
making it prone to microcracks and grain-boundary defects.*®
Their densification is also strongly processing-dependent: con-
ventional sintering above 1200 °C can achieve 96-98% relative
density but often at the cost of sodium volatilization and
secondary-phase formation, whereas cold sintering at 350—
375 °C under ~360 MPa offers a lower-temperature route.*
Therefore, practical NASICON processing must balance densi-
fication, secondary-phase control, grain-boundary chemistry,
mechanical integrity, and stack-pressure management.

Sulfide Solid-State Electrolytes: Na;PS,

Na,PS, is the prototypical sodium thiophosphate electrolyte
and serves as a foundational platform for understanding the
transport chemistry of sulfide solid electrolytes. As shown in
Figure 8a, it is built from isolated [PS,]*~ tetrahedra and can
adopt tetragonal, cubic, and orthorhombic polymorphs depend-
ing on temperature. In general, the higher-symmetry cubic and
high-temperature phases exhibit greater Na* disorder and bet-
ter ionic transport than the low-temperature tetragonal phase,
making Na,PS, a representative example of how structural flex-
ibility and phase evolution influence conductivity in sulfide elec-
trolytes. The low-temperature tetragonal a-phase shows poor
ionic conductivity (4.17 X 107° S cm™" at 50 °C) because its
Na* migration pathways are relatively discontinuous.*” Upon
heating above 261 °C, it transforms into the cubic B-phase,
where lattice expansion and Na-site displacement promote
higher Na* mobility and raise the RT conductivity to ~2 X
107* S cm™'.*® At still higher temperatures (>500 °C), the
orthorhombic 7y-phase exhibits further unit-cell expansion,
stronger [PS,]*” tetrahedral dynamics, and greater Na* disor-
der, resulting in an additional increase in conductivity, from
~40 X 107> to ~400 X 107> § em™'.*

The transport behavior of Na,PS, is closely associated with
the soft thiophosphate lattice, defect chemistry, and anion

https://doi.org/10.1021/acsenergylett.6c01041
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within the 3D MO,—XO, framework. (b, c) Schematic illustrations of the optimal Na™/vacancy ratio and cooperative Na* migration in
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Na-site evolution in composition-modified NASICON electrolytes.>**” (d) Reproduced with permission from ref 36. Copyright 2020 American
Chemical Society. (e) Reproduced with permission from ref 37. Copyright 2021 Wiley-VCH.

dynamics. Compared with oxide frameworks, the weaker Na—§
interactions and higher polarizability of sulfide anions create a
softer energy landscape that facilitates Na* migration and
reduces the transport penalty at grain boundaries.*’ In addition,
vacancy formation and local structural disorder can markedly
enhance conductivity by activating long-range hopping path-
ways, while soft-mode vibrations and tetrahedral motions fur-
ther lower migration barriers (Figure 8b,c).”' Representative
studies also show that aliovalent or isovalent substitution can
improve Na,PS, by tuning vacancy concentration, local
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symmetry, and bottleneck geometry, although the detailed
effect depends strongly on dopant chemistry and defect
distribution.*®

Compositional substitution provides an effective route to
tune these descriptors. Heterovalent cation substitution (e.g.,
Ca?") introduces Na vacancies and stabilizes the conductive
cubic phase (Figure 8d); tetravalent substitution at P°* sites
(Sn**, Ge**, etc.) widens diffusion channels.>*>* Anion substi-
tution provides another effective route: replacing S>~ with
halides lowers the migration barrier while largely preserving
the host framework, and Cl-doped Na,_PS, .Cl, reaches

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 48544877
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conductivities of 1.96 X 107> S cm™!, consistent with the emer-
gence of highly mobile Na sites revealed by *Na solid-state
NMR (Figure 8e).>* Softer isovalent units (Sb>*, Se*”) further
enlarge bottlenecks and lower activation energies.*>®

However, the same descriptors that promote fast Na™ trans-
port also introduce stability constraints. In Na,PS,, the soft and
highly polarizable thiophosphate framework facilitates Na™
transport, but it also increases sensitivity to air/moisture expo-
sure and can promote interfacial reactions with metallic sodium
and oxide cathodes.*” Therefore, Na,PS, illustrates an impor-
tant feature of sulfide SSEs: high conductivity is often achieved
through soft bonding, high anion polarizability, and defect dis-
order, but these features must be balanced against environmen-
tal tolerance and interfacial stability.

Sulfide Solid-State Electrolytes: Na,,MP,S,,/Na;;M,PS,,
(M = Ge, Sn, Si)

The Na,,GeP,S,,/Na;;Sn,PS,, family represents a high-
conductivity class of sulfide electrolytes with three-
dimensional diffusion networks. Compared with simpler thio-
phosphate frameworks, these materials provide more highly
connected Na™ pathways and can achieve substantially higher
ionic conductivity, making them important model systems for
understanding fast Na* transport in sodium sulfides.*®
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In Na,,MP,S,,, alternating MS, and PS, tetrahedra generate
a three-dimensional Na® diffusion network (Figure 9a).
Partially occupied Nal and Na3 tetrahedral sites form chain-
like channels along the c-axis, while vacancy-containing regions
and distorted Na coordination environments provide interchain
connections.*® Molecular dynamics simulations indicate that
Na™ transport is primarily facilitated by cooperative migration
along the Nal/Na3 chains, together with interchain hopping
through these cross-linked vacancy-containing regions. This
structural topology highlights the importance of partial site
occupancy, vacancy distribution, and cross-linked channel con-
nectivity in enabling long-range Na™ transport.

Increasing the Sn:P ratio from 1:2 to 2:1 produces the dis-
tinct tetragonal phase Na,,Sn,PS,, (14,/acd, Figure 9b). In this
structure, Nat ions occupy five octahedral sites, with partial
vacancy at the Nal and Na2 sites, forming critical cross-links
within a highly connected three-dimensional migration net-
work. These partially vacant sites connect diffusion pathways
along both the c-axis (Na4—Nal—Na3—Nal) and the ab-plane
(Na4—Na2—Na4), supporting long-range Na* transport
(Figure 9¢). In addition, the Na6 gap site provides an auxiliary
pathway between Nal and Na2, further increasing the connec-
tivity of the migration network and enhancing vacancy-assisted
transport (Figure 9d)°”

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 48544877
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channel of Na,;Sn,PS,, along the c-axis, z = 0 and z = 0.87 in the
ab-plane. (d) Auxiliary channel of Na6 at the interstitial site of
Na,,Sn,PS,, with its coordination environment and bottleneck size.®”
Reproduced with permission from ref 57. Copyright 2018 American
Chemical Society.

The transport behavior of this family is governed by polya-
nion chemistry, anion softness, Na-site connectivity, vacancy
distribution, and cooperative migration. Dynamic rotational
motion of [PS,]>” tetrahedra can transiently enlarge local pore
size and promote Nat mobility,'" while Na,,Sn,PSe,, achieves
2.15 X 107 S cm™! at RT when Na vacancies are distributed
more uniformly over six sites.’” Similarly, Sn** or Ge** substi-
tution in Na;, Sn,P,_ M S, expands the lattice and lowers
the migration barrier, with Sn substitution producing the more
pronounced effect.” These results show that conductivity opti-
mization cannot be guided by a simple compositional rule but
requires coordinated tuning of polyanion electronegativity,
bonding character, anion size, vacancy distribution, and channel
geometry.

More broadly, sulfide electrolytes illustrate a descriptor-
level design constraint for inorganic SSEs. The same soft,
highly polarizable, and defect-tolerant frameworks that flatten
the Na' migration energy landscape and enable room-
temperature densification can also narrow the stability margin
against moisture, Na metal, and mechanical loading. As a
result, high bulk ionic conductivity does not necessarily trans-
late into stable ASS-SMB operation. For example,
Na,,Sn,PSe,, exhibits high RT conductivity but undergoes
reductive decomposition against Na metal to form Sn and
Na,Se.*” The low elastic modulus of sulfide electrolytes, typ-
ically approximately 20-30 GPa, also facilitates densification
by uniaxial cold pressing without high-temperature sintering,'®
but this mechanical softness increases susceptibility to creep
deformation and pressure-induced short circuiting under
excessive stack pressure.®’ Their low fracture tolerance further
makes practical processing sensitive to macroscopic defects
and particle agglomeration, requiring powder uniformity and
phase purity.>> Therefore, sulfide SSE design should not
aim solely at maximizing ionic conductivity. Instead, lattice
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softness, anion polarizability, defect chemistry, environmental
tolerance, mechanical reliability, and Na-metal interfacial sta-
bility should be treated as coupled descriptors and optimized
within the same design space.

Halide Electrolytes

Halide solid electrolytes are of growing interest in ASS-SMBs
because they combine relatively favorable oxidative stability
with potential compatibility with high-voltage cathodes.
Compared with sulfides and oxides, halide anions (CI~, Br—,1")
generally provide weaker Coulombic interactions with Na™
and can support more open migration frameworks, making
them promising candidates for cathode-side solid electro-
Iytes.'> These materials generally follow the formula
Na,MX, (M = transition/rare-earth metal; X = halogen),
and their crystal structures are jointly determined by the iden-
tity and size of M*" and X~ ions.”” In the representative
Na;MX family, phase stability and Na* migration topology
are mainly governed by the ionic-radius ratios t,y and fyx
(Figure 10b)."

For Na,MCly, the preferred phase (Figure 10d) evolves sys-
tematically with the radius of M**: small cations such as Cr**
favor the trigonal P 3 1c phase, large cations such as Y>* and
most lanthanides stabilize the trigonal R 3 phase, and
intermediate-sized cations such as Sc** and Yb** tend
toward the monoclinic P2,/n phase.64 In Na,MBr,, the larger
Br™ radius lowers the t,y/ty ratio, broadens the stability range
of the R 3 phase, and also enables smaller M>* ions to remain
stable in the P 3 1c phase."”

Na® transport in these halides is highly structure-sensitive.
In the trigonal P 3 lc phase, represented by Na,CrCl,, Na™
migrates from Nal to Na2 through intermediate octahedral
and tetrahedral interstitial sites (Figure 10a), with activation
energies of ~0.34—0.41 eV.°*®* In the trigonal R 3 ml and
R 3 phases, migration along the c-axis can proceed directly
through octahedral—octahedral pathways, whereas diffusion
in the ab plane requires an octahedral—tetrahedral—octahedral
process; because tetrahedral interstitial sites are destabilized
by repulsion from surrounding MX, octahedra, c-axis trans-
port is generally more favorable, and the migration barriers
are correspondingly lower (Figure 10c).°® By contrast, the
monoclinic P2,/n phase, exemplified by Na,ErCly, supports
three-dimensional diffusion but typically exhibits higher bar-
riers of ~0.49—0.60 eV.°* For iodides, Na,MI usually adopts
the monoclinic C,/m phase (Figure 10b), in which Na*
migration mainly follows octahedral—tetrahedral—octahedral
pathways.

The mechanical and processing behavior of halide electro-
Iytes depends strongly on their phase state and crystal struc-
ture. Crystalline halides such as Na,YCIl, exhibit relatively
low and anisotropic Young’s moduli (18.36—27.02 GPa) and
can undergo stress-induced phase transformation under com-
pression, accompanied by ~3.4% volume expansion.® By con-
trast, amorphous halides offer distinct processing advantages:
their grain-boundary-free structure and viscoelastic response
enable plastic flow and cold densification, while in some cases
also improving ionic transport.®® These results show that, for
halide electrolytes, practical performance depends not only
on transport and oxidative stability but also on how phase state
and synthesis route determine deformability and densification
behavior.

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 48544877
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Figure 10. (a) Typical crystal structures and Na™ migration motifs in Na-based halides. (b) Octahedral coefficients used to predict preferred struc-
ture types in Na halides."” Reproduced with permission from ref 15. Copyright 2022 Royal Society of Chemistry. (c, d) Convex-hull thermograms
illustrating the preferred stabilizing phases of Na,MBr, and Na,MI,, respectively.>** (c) Reproduced with permission from ref 63. Copyright 2022
American Chemical Society. (d) Reproduced with permission from ref 64. Copyright 2021 Royal Society of Chemistry.

Anti-Perovskite Electrolytes

Anti-perovskite solid electrolytes (X;BA; X = cation, A, B =
anions) have emerged as a structurally versatile platform follow-
ing the discovery of high Li* conductivity in Li,OCl (>1 X
1073 S cm™! at RT).®” Both perovskites and anti-perovskites
adopt cubic frameworks (space group Pm 3 m), although distor-
tions can occur depending on composition and thermodynamic
conditions. For Na-based anti-perovskites, cubic-phase stability
is  evaluated using a modified tolerance  factor
t=(rg +ra)/V/2(ra + rna ), with cubic symmetry generally sta-
bilized within t = 0.8—1.°% In contrast to ABX, perovskites,
anti-perovskites feature an inverted coordination environment
in which the B anion occupies the octahedral center, Na*
resides at the vertices, and the A anion is located at the face cen-
ters, giving rise to distinct electrostatic landscapes and transport
pathways (Figure 11a).

Na™ transport in anti-perovskites is predominantly vacancy-
mediated (Figure 11b), typically associated with Schottky
defect pairs (e.g, Vy,—Vcy), while Frenkel defects contribute
only at high defect concentrations.” Migration occurs through
triangular bottlenecks formed by two B-site and one A-site
anions (Figure 11d), making the activation barrier highly sen-
sitive to bottleneck geometry and local electrostatic interac-
tions.  Beyond 3D  cubic  frameworks, layered
Ruddlesden—Popper (RP)-type anti-perovskites —introduce
anisotropic transport (Figure 11c), where in-plane Na™ migra-
tion proceeds via vacancy hopping, whereas cross-layer diffu-
sion requires gap-assisted migration regulated by anion
polarization.”®

The intrinsically low conductivity of sodium anti-perovskites
originates from limited mobile-carrier concentration and high
native defect-formation energies, necessitating deliberate defect
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engineering. Aliovalent doping and non-stoichiometric design
can effectively introduce Na vacancies (Figure 1le(i)). For
example, Mg>* or Ca>" doping in Na,OCI generates mobile
vacancies with relatively low dopant—vacancy binding energies
(~0.25 eV), whereas trivalent dopants (e.g, AI*") tend to form
immobile vacancy clusters that hinder transport.”* Similarly,
anion substitution (e.g,, CI7/Br™/I") can simultaneously tune
vacancy concentration and lattice parameters, although exces-
sive substitution may induce secondary phases or thermal insta-
bility.”  Optimized  co-doping  strategies, such  as
Na, ¢Sr; 0sOBr, Iy 4, demonstrate the importance of balancing
defect concentration and structural stability, achieving conduc-
tivities above 107> S cm ™" at 200 °C (Figure 11e(ii)).”"

Beyond defect concentration, lattice dynamics and bottle-
neck geometry are key descriptors of Nat transport.
Increasing anion size and polarizability expands diffusion bottle-
necks and softens the lattice, thereby lowering migration bar-
riers (Figure 11fg).”””*> For example, I or S* substitution
enlarges the triangular bottleneck and reduces activation energy,
while hydride-based systems benefit from highly polarizable H-
induced lattice softening, achieving conductivities up to 1.0 X
107 S cm™".7? Cluster-based anti-perovskites further introduce
a “paddle-wheel” mechanism, in which rotational disorder of
anionic groups (e.g, [BH,]”, [BF,]”) dynamically reshapes
migration pathways and reduces energy barriers, with activation
energies as low as ~0.2 eV predicted in stabilized phases
(Figure 11h)."° However, excessive cluster size or disorder
can destabilize the lattice and increase migration barriers, high-
lighting the need to balance rotational freedom and structural
integrity.75

Anti-perovskites offer an attractive low-temperature process-
ing advantage because they can, in principle, be densified by melt
casting at relatively low temperatures (~300 °C), rather than by

https://doi.org/10.1021/acsenergylett.6c01041
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via highly polarizable anions: (i) schematic of the lattice softening mechanism; (ii) Arrhenius plots of anti-perovskite hydride SSEs with different
structures.”® Reproduced from ref 73. Available under a CC-BY 4.0. Copyright 2021 Springer Nature. (h) Cluster rotation coupled with Na* migra-
tion: (i) schematic of the coupling process; (i) ionic conductivity of Na,_ O,_ (NH,) (BH,) as a function of Na* vacancy and [NH,] " cluster
concentration at various temperatures.'’ Reproduced with permission from ref 10. Copyright 2022 Wiley-VCH.
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P2,/n

BioH10% B,H.,*

Figure 12. (a) Schematic representation of the structure of Na,B ,H,, at RT and of the structure undergoing a phase transition at elevated temper-
atures, with a gradual increase in the number of sites that Na* may occupy and the degree of anionic reorientation disorder; (b) schematic represen-
tation of the structure of Na,B, H,, at RT; (c) geometry of the [B,,H,,]*” and [B,,H,,]*” anions in side and top views and the corresponding

sizes.”” Adapted with permission from ref 77. Copyright 2014 Wiley-VCH.

high-temperature ceramic sintering. Their elastic properties are
also compositionally tunable; for example, Na,OCl and
Li;OBr exhibit Young’s moduli of 60.2 and 92.8 GPa, respec-
tively, indicating that larger ions can reduce the elastic modu-
lus.”® However, grain boundaries are likely to remain a critical
weakness, as they can introduce both transport barriers and local
mechanical softening, leading to effective conductivities substan-
tially below those of the grains.”® Practical development of
sodium anti-perovskites will therefore require low-temperature
densification, strict moisture control, and grain-boundary engi-
neering to stabilize both transport and mechanical response.

Complex Hydrides

Composite hydride SSEs, composed of metal cations (e.g., Na*,
Li*) and complex anions (eg, [BH,], [B,,H,o]*",
[B,,H,,]*7, etc.), have garnered attention owing to their wide
electrochemical windows, high thermal stability, and mechanical
softness. However, their cage-like anionic frameworks often
impose strong steric constraints, leading to high Na* migration
barriers and limited ionic conductivity at RT. Typical examples
include Na,B,H,, and Na,B,,H,,, whose structures and anion
geometries are illustrated in Figure 12a—c.

Na,B,,H,, adopts a monoclinic crystal structure (P2,/n) at
RT, where icosahedral [B,,H,,]*" anions form a relatively rigid
framework with Na* occupying tetrahedral sites (Figure 12a).
Upon heating, Na,B,,H,, undergoes a first-order phase transi-
tion to a partially ordered Pm 3 n symmetric structure
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(~256 °C) and fully disordered cubic phases (Im 3 m, >387 °
C), accompanied by increased Na-site disorder and reduced site
occupancy.”® This transition dramatically enhances anion reori-
entation dynamics, with hopping rates increasing by nearly two
orders of magnitude, as revealed by 'H NMR and neutron scat-
tering.”” The resulting orientational disorder, coupled with
increased vacancy availability, broadens migration pathways
and enables superionic conduction. A similar mechanism oper-
ates in another typical closed borohydride, Na,B, H,,, which
transforms to a disordered fcc phase at a lower temperature
(~360 K), where anisotropic distortion of the [B,,H,,]*>~ clus-
ter optimizes Na™ diffusion pathways (Figure 12b,c).”’

A defining feature of these materials is the strong coupling
between anion dynamics and Na* transport. Sodium-based
hydrides can outperform their lithium counterparts in ionic
conductivity because the larger Na* ion expands the lattice
and facilitates the reorientation of [B,,H,,]*” clusters. These
anion dynamics are strongly coupled to the lowering of the
effective migration barrier. When cluster reorientation is
restricted, Na* diffusion decreases dramatically, confirming that
anion dynamics enable fast ion transport.*

Despite these advantages, practical application is hindered by
the high temperatures required to activate superionic phases. For
example, Na,B,,H,, and Na,B, H,, exhibit high conductivities
(>0.1 S cm™") only at elevated temperatures (>200 °C).”” To
address this limitation, several strategies have been developed
to stabilize disordered phases and enhance room-temperature

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 4854—4877
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transport.”” Carbon substitution (e.g,, NaCB,,H,,, NaCB,H, )
weakens Na—anion interactions and significantly lowers phase
transition temperatures, enabling high conductivity near or at
RT."? Open-cage (nido) borohydrides and mixed-anion systems
introduce lattice frustration, suppress long-range ordering, and
stabilize dynamically disordered frameworks.®'

From a processing perspective, mechanochemical methods
such as ball milling can introduce structural disorder and stabilize
high-temperature phases at ambient conditions, leading to con-
ductivity enhancements of several orders of magnitude (e.g,
~0.01 S cm™" for Na,B,H,,).** Surface oxidation and compos-
ite strategies (e.g, polymer blending) further improve ionic
transport by generating interfacial defects and enhancing Na*
mobility, with conductivities up to 1.6 X 107> S cm™" at 45 °C.*

Complex hydrides are also distinguished by exceptionally low
elastic moduli (8-25 GPa) and high compressibility (bulk mod-
ulus ~14 GPa), which allow dense pellets to be obtained by
cold pressing at moderate pressures (~265 MPa) without
high-temperature sintering.** Their practical behavior is never-
theless strongly pressure-dependent: for Na,(CB,,H,,),
(B,,H,,), increasing stack pressure up to 35 MPa lowers inter-
facial resistance, whereas pressures above 70 MPa induce short
circuits through Na filament propagation; under the optimal
pressure window, a room-temperature CCD of 0.6 mA cm >
can be achieved.®* This combination of mechanical compliance,
low-temperature processability, and pressure-sensitive interfa-
cial stability makes complex hydrides attractive for applications
where rigid ceramic contacts would otherwise be limiting.

Bl CROSS-FAMILY COMPARISON AND SHARED
DESCRIPTORS

To enable a more standardized cross-family comparison, repre-
sentative inorganic solid-state electrolytes for sodium batteries
are summarized in Table 1. This table compares the most con-
sistently reported bulk transport, electrochemical, and
processing-related metrics across the major electrolyte families,
including P-alumina, NASICON-type oxides, sulfides, halides,
anti-perovskites, and complex hydrides.

Beyond benchmark comparison, the descriptor-based frame-
work reveals how the same descriptors, such as lattice softness,
can simultaneously benefit transport and cause interfacial issues.
Soft sulfides and hydrides lower Na* migration barriers and
improve grain-boundary permeability but suffer from higher
reactivity, moisture sensitivity, and creep. Rigid oxides (e.g.,
Na-B/p"AL,0,, NASICON) offer chemical robustness, yet are
prone to grain-boundary carrier depletion, local bottlenecks,
and brittle failure. Halides occupy an intermediate position.
Their polarizable anion frameworks can support Na* migration,
whereas their interfacial behavior remains sensitive to local
structural response and interphase chemistry.***” More
broadly, defect chemistry, migration barriers, lattice softness,
grain-boundary characteristics, and transport heterogeneity
jointly govern bulk conductivity, interphase evolution, stress
accumulation, and dendrite initiation. Therefore, high bulk con-
ductivity alone does not guarantee stable cell performance; only
by optimizing transport uniformity, interphase chemistry, and
chemo-mechanical compatibility together can realistic design
rules be established.

Defect chemistry and microstructural heterogeneity further
couple bulk transport to interfacial stability.* As a result, elec-
trolytes with similar bulk ionic conductivities can still show
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markedly different grain-boundary resistance and Na-metal
compatibility. This contrast becomes even more pronounced
when microstructural heterogeneity and mechanical response
are considered because local variations in grain-boundary chem-
istry, porosity, phase distribution, or stiffness can readily pro-
duce transport heterogeneity, local stress concentration, and
distinct interfacial reaction pathways.*® Practical stability is
therefore governed not by bulk conductivity alone but by the
coupling among transport uniformity, local defect chemistry,
and interfacial evolution in each electrolyte system.®>

B INTERFACE ENGINEERING STRATEGIES

Interface engineering in ASS-SMBs should not be viewed as a
set of isolated post-synthetic remedies but rather as targeted
interventions on the same descriptors that govern bulk trans-
port and interfacial degradation. In this sense, interface engi-
neering strategies can be understood according to the
bottlenecks they address: defect chemistry and carrier distribu-
tion, migration barriers and transport heterogeneity, grain-
boundary composition and contact loss, chemo-mechanical
stress accumulation, and interphase reaction pathways. The
approaches summarized below, including doping/composition
modulation, structural and processing design, and surface/
interlayer engineering, therefore act not only by lowering
interfacial resistance but also by reshaping Na* flux distribu-
tion, stabilizing local chemistry, and mitigating the coupled
transport—mechanical origins of failure.

Doping and Composition Modulation

Doping and composition modulation are the most direct strat-
egies for linking interface engineering to the descriptor-based
framework introduced in Transport Descriptors and
Transport-Interface Coupling section.'” Their primary function
is not merely to improve conductivity but to regulate carrier
concentration, defect equilibria, migration bottlenecks, lattice
softness, and grain-boundary chemistry in a coordinated man-
ner. Because these descriptors also determine local Na™ flux dis-
tribution, interphase formation, and chemo-mechanical stability
at interfaces, composition control can simultaneously influence
bulk transport and interfacial behavior.® In this sense, aliovalent
substitution, framework tuning, and local bond-strength engi-
neering should be viewed as intrinsic interface-design strategies
rather than bulk-property optimization alone.

In NASICON electrolytes, composition control tunes the
Na*/vacancy ratio, bottleneck dimensions, grain-boundary
transport, and interfacial chemistry with Na metal.** For exam-
ple, Lu-doped Na, ;Zr, ,Lu,,Si,PO,, exhibits a critical current
density of up to 1.4 mA cm™> and over 4800 h of stable cycling
in Na symmetric cells.”® Research indicates that when F-doped
Na,Zr,Si,PO,, materials are combined with a Na,V,(PO,),
cathode and a small amount of NaF additive, the full cell main-
tains a high discharge capacity of 85.9 mAh g~ after 100 cycles
at a 0.5 C rate.”*

In sulfide electrolytes, doping regulates lattice softness, local
bonding, air stability, and mechanical robustness at the Na
interface. For Na,PS,-based systems, this regulation is especially
important because sulfur’s strong affinity for oxygen makes
Na,PS, highly moisture sensitive and its narrow stability win-
dow further restricts practical application.”® Targeted aliovalent
doping offers one route to address these issues. For example,
Ca** incorporation strengthens Ca—S interactions, suppresses

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 48544877
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sulfur migration, inhibits the formation of detrimental Na,S,
and improves interfacial mechanical integrity by enhancing the
tensile strength and deformation resistance of Na,PS,
(Figure 13a).'2

In halide electrolytes, composition modulation is closely tied
to interfacial stability because it reshapes both local transport
pathways and the reduction/oxidation chemistry at the Na
metal or cathode interface.'> For example, fluorinated 2NaF-
ZrCl, strengthens Zr—F bonding, weakens Na—F interactions,
and increases the RT conductivity to 2.35 X 10™* S cm™", while
the fluorine-rich interfacial layer suppresses Cl™ oxidation and
other side reactions (Figure 13b). This enables a NaNi, ,;Fe,,
sMn, ,;0, base full cell to retain 81.1% capacity after 600 cycles
over 1.9—4.3 V.'*®

Physical Treatment and Structural Design

Physical treatment and structural design mainly target the geo-
metric and mechanical origins of interfacial degradation. From
the perspective of the descriptor-based framework in
Transport Descriptors and Transport-Interface Coupling sec-
tion, these approaches act by improving contact retention,
reducing current constriction, suppressing pore formation, and
mitigating chemo-mechanical stress accumulation during Na
plating/stripping. Their importance lies in the fact that even
when bulk transport is favorable, local transport heterogeneity
can still emerge if the electrode/electrolyte interface is mechan-
ically  unstable, poorly  conformal, or structurally
inhomogeneous.

At the Na metal interface, contact loss leads to current con-
centration and void formation. Ultrasonic welding can improve
Na/NASICON contact by forming dense interfacial bonding,
enabling 90% capacity retention after 900 cycles at RT.
(Figure 13c).'** At the cathode/electrolyte interface, structural
integration strategies reduce interfacial discontinuities and tor-
tuous ionic pathways while minimizing thermally induced phase
degradation. Conventional high-temperature sintering causes
sodium volatilization and degradation of active materials,
whereas spark plasma sintering (SPS) offers a lower-
temperature route. For example, co-sintered Na,V,(PO,),
and Na,Zr,Si,PO,, at 900 °C via SPS produced monolithic
solid-state cells with improved interfacial integration.'”’
However, this temperature remains high for scalable
manufacturing. Chemical mechanical solution creep sintering
technology further lowers the processing to 375 °C, suppressing
impurity formation, and yields ternary composite electrodes
with densities above 85%.'° However, excessive densification
may reduce the structural tolerance to electrode volume
changes during cycling, thereby promoting particle fracture,
impairing ion transport, and increasing polarization.

Structural engineering can also redistribute Na* flux and
relieve interfacial stress by introducing porous, conformal, or
hierarchical pathways for ion transport. For example, a porous
Na,PS, framework impregnated with phase-change polymer
forms a three-dimensional NSS/PPP composite (Figure 13d),
which enables the TiS2|3D-NSS/PPP SCE|Na cell to deliver
an initial specific capacity of 170 mAh g™ at a current density
of SO mA g~!, with excellent capacity retention over 550
cycles.'® Solution-based surface coating provides another effec-
tive route: coating Na,PS, onto MoS, particles improves Na*/
electron transport and increases the density of active interfacial
sites, allowing the battery to retain 52 mAh g_] after 500 cycles
at 60 °C.'%”
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Surface Modification and Interphase Construction

Surface modification and interlayer construction are the most
direct strategies for manipulating interphase chemistry and local
Na™ flux at solid—solid interfaces. Within the framework estab-
lished in Transport Descriptors and Transport-Interface
Coupling section, these approaches mainly address three
coupled bottlenecks: poor wetting/contact, electronically or
ionically unfavorable interphases, and transport heterogeneity
that leads to local current concentration and dendrite propaga-
tion. By introducing functional interlayers onto electrode or
electrolyte surfaces, these methods reshape local Na* flux,
improve sodium affinity and interfacial conformity, and sup-
press chemically or electronically unfavorable reaction
pathways.

Metal and Alloy Interlayers. Metallic or alloy-forming
interlayers are mainly used to improve sodium affinity, reduce
contact angles, and homogenize interfacial Na* flux, thereby
suppressing current hotspots and dendrite initiation. The low
hardness and weak wettability of sodium metal are the primary
reasons for its poor contact with rigid SSEs. In the BASE sys-
tem, metal-based interfacial layers can enhance the affinity of
liquid or softened Na toward the BASE surface.''” This design
reduces the Na contact angle from 90 to 35°, enhances Na™
wettability, and simultaneously provides porous space to buffer
deposition-induced stress. As a result, the corresponding Na/
BASE/Na symmetric cell maintained stable cycling for more
than 1000 h at 1 mA cm™2.

For the NASICON system, metal modification proves
equally effective for improving Na-metal interfacial compatibil-
ity. A ZnO-modified NASICON surface exhibits enhanced
sodium wettability, suppressed dendrite growth, and markedly
reduced interfacial impedance.''" Further structural optimiza-
tion can be achieved by combining compositional tuning with
interfacial coating. A three-dimensional Zn”/Mg3+ co-doped
Na,Zr,Si,PO,, coated with tin oxide was designed with a
porous—dense—porous trilayer architecture (Figure 13e), which
improves interfacial compatibility while blocking electrode dif-
fusion.'®® This structure delivers a critical current density of
40 mA cm™? and a cumulative cycled capacity of 10.8 Ah
cm™? without external pressure.

Polymer Interlayers and Composite
Electrolyte. Polymer and composite interlayers mainly
improve interfacial compliance, buffer volume changes, and
maintain ionic continuity across chemically or mechanically
mismatched interfaces. In Na-metal solid-state Dbatteries,
polymer-based interlayers can enhance wettability, reduce
impedance, and suppress direct parasitic reactions. For exam-
ple, a polydopamine (PDA)-modified NZSP surface forms an
amphiphilic interfacial layer that improves Na-metal contact,
enabling stable cycling of a NalPDA-coated NZSPNVP
cell'*?

Beyond polymer-based composite strategies, multilayer elec-
trolyte architectures provide another effective route to balance
electrochemical stability and chemical compatibility. For exam-
ple, a double-layer electrolyte design, in which Na,PS, serves
as a protective interlayer on Na;;Sn,SbS,, Se ., effectively
suppresses direct reactions between sodium metal and the less
stable sulfide electrolyte, extends the electrochemical window
to 5V, and markedly improves full-cell cycling stability and
capacity retention.''? More generally, dual-layer combinations
of chloride and sulfide electrolytes can couple the superior

https://doi.org/10.1021/acsenergylett.6c01041
ACS Energy Lett. 2026, 11, 48544877
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the interface layer.'® Reproduced with permission from ref 16. Copyright 2019 Cell Press.
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Table 2. Quantitative Comparison of Representative Interfacial Performance Metrics for Inorganic Solid-State Electrolytes in
Sodium Batteries, Summarizing Electrolyte Family, Representative Material, Interfacial Strategy, Test Conditions, Electrolyte
Thickness, Area-Specific Resistance (ASR), Critical Current Density (CCD), and Corresponding References

electrolyte
family representative materials

B-Alumina  Na-f"-AL,O,

interfacial strategy”

unprocessed

high-temperature heat treatment

3D cross-linking carbon fiber with Sn
particle coating

Na, ;Mg (,Al;;3;0,,  unprocessed

Na, (-Mg, ¢-Aly ;;GaO ., unprocessed

NASICON  Na,Zr,Si,P,, unprocessed
formation of interface layer in situ

CPMEA polymer sandwich

Na, ,Zr,Si, P, ;O,, unprocessed
sulfide Na,PS, unprocessed
Na;PS; 4,005 unprocessed

Na;PS; ,04,6|NayPS; 500,15/ Na3PS; 400 6

tri-layer
complex  Na,B,,H,, + NaHF,
hydride  oxidized Na,B ,H,, +
20 wt %SiO,

formation of interface layer in situ
unprocessed

test conditions

(temperature, stack electrolyte ASR” i

pressure) thickness (mm) (Q cm2) (mA cm>) ref.

RT, 3.4 MPa 1.4 19,909 0.3 89

RT, 3.4 MPa 14 8 12

RT 0.8 6.6 1.3 31

30 °C 0.14 MPa 0.8 38 0.4 28

30 °C 0.14 MPa 0.8 16 0.8

65 °C 1 4000 0.15 91

65 °C 1 400 0.25

65 °C / 1000 0.2 114

60 °C 100 MPa 1 4.1 1.8 93

RT / 3000 115

60 °C, 7 MPa / 416 116

60 °C, 7 MPa / 10 2.3

30 °C 0.5 0.55 77

RT 0.4-0.6 0.8 101

“Notes: Unless otherwise specified, the reported values correspond to symmetric Na/electrolyte/Na-type cells or closely related interfacial test con-
figurations used in the cited studies. YASR and CCD values are strongly dependent on cell design, measurement protocol, temperature, stack pressure,
electrolyte thickness, and interfacial treatment. Therefore, the values listed here should be interpreted as representative literature benchmarks rather

than intrinsic material constants.

high-voltage stability of the former with the high ionic conduc-
tivity of the latter, offering a promising strategy for solid-state
sodium batteries that require both high energy density and long
cycle life.*

In Situ Interphase Construction. In situ interphase for-
mation offers a distinct route to stabilize interfaces by convert-
ing the initial chemical reactivity into a passivating and
transport-compatible interphase, rather than allowing uncon-
trolled decomposition to continue. In this approach, the interfa-
cial chemical environment is deliberately regulated so that
decomposition preferentially yields electronically insulating
but ionically functional products, thereby improving long-term
stability.'” For example, exposure of Na,SbS, to air leads to
the formation of Na,SbS,-8H,O, which reacts with sodium
metal to generate insulating NaH and Na,O interphases.
These passivation products suppress the formation of electron-
ically conductive decomposition species such as Na,Sb and
thereby mitigate interfacial side reactions (Figure 13f).'¢

Taken together, these interface engineering strategies can
be understood as targeted interventions on the descriptor-
level origins of interfacial failure. Whether through defect
regulation, structural/contact design, or interphase construc-
tion, their common purpose is to reshape Na* flux distribu-
tion, stabilize local chemistry, and mitigate the coupled
transport—mechanical bottlenecks discussed in Transport
Descriptors and Transport-Interface Coupling section. To
place these strategies on a more quantitative footing, repre-
sentative interfacial performance metrics reported across
major electrolyte families are summarized in Table 2,
including ASR, CCD, and the associated testing conditions.
This comparison further shows that practical interfacial
behavior is highly sensitive to interfacial design and mea-
surement configuration and therefore cannot be inferred
from bulk conductivity alone. Interface engineering should
therefore be viewed not as an independent add-on but as
the practical extension of the bulk—interface coupling
framework.

B DEVICE-LEVEL COMPARISON ACROSS
ELECTROLYTE FAMILIES

To further connect electrolyte properties to practical cell
requirements, Table 3 summarizes the major device-relevant
constraints and trade-offs across the principal inorganic solid-
state electrolyte families for sodium batteries. In addition to
transport and interfacial considerations, this comparison high-
lights thickness constraints, areal capacity, stack pressure, oper-
ating temperature windows, mechanical properties, Na-metal
compatibility, and the resulting implications for practical energy
density and manufacturability.

As shown in Table 3, mechanical and processing factors are
first-order determinants of practical solid-state battery perfor-
mance. Oxides offer high stiffness and chemical robustness
but often require high-temperature densification and are prone
to brittle fracture.'”*> Sulfides are more deformable and easier
to densify but are more sensitive to creep and pressure-
induced short circuiting.*>"'” Halides occupy an intermediate
position, combining attractive transport and oxidative stability
with continuing challenges in densification and scalable inte-
gration.‘sz’“’]18 Emerging systems such as anti-perovskites
and complex hydrides highlight the benefits of low-
temperature processability and mechanical compliance but still
face transport and interfacial limitations.”>”***%5 Overall, elec-
trolyte selection must consider not only ionic conductivity but
also processability, mechanical compatibility, and practical cell
integration.

H SUMMARY AND OUTLOOK

ASS-SMBs are promising candidates for next-generation energy
storage because they offer the prospect of improved safety with
high energy density. In this review, we have examined sodium-
ion transport mechanisms and interfacial challenges across
major inorganic solid electrolyte families, including oxides, sul-
fides, halides, anti-perovskites, and complex hydrides. Across
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these systems, a common message emerges: atomic-scale ion
migration is closely linked to interfacial ion distribution,
chemo-mechanical response, and electrochemical stability.
Bulk transport and interfacial degradation should therefore be
viewed as coupled manifestations of the same structural and
chemical descriptors.

Looking forward, several opportunities clearly transcend indi-
vidual electrolyte classes. First, pathway engineering through
defect control offers a general route to regulate carrier concen-
tration, migration barriers, and transport heterogeneity across
different inorganic electrolytes. Such control can improve not
only bulk conductivity but also grain-boundary transport and
local interfacial stability, although it must be balanced against
lattice distortion, secondary phase formation, and unfavorable
local chemistry.

Second, interface-aware electrolyte design will be essential.
Practical stability depends not simply on high ionic conductivity
but on the coupled evolution of bulk transport, interphase chem-
istry, wetting/contact behavior, and mechanical response. As a
result, electrolytes with similar bulk conductivities may still behave
very differently in real cells if they differ in transport uniformity,
grain-boundary chemistry, or interfacial reaction pathways.

Third, manufacturing-compatible electrolyte architectures are
needed to translate materials advances into practical devices.
Low-temperature densification, scalable coating strategies,
robust composite electrodes, and pressure-efficient contact tech-
nologies can help preserve both transport performance and inter-
facial stability while reducing volatilization, parasitic reactions,
and contact loss. Different electrolyte families may be advanta-
geous for different use cases: oxides favor chemical and mechan-
ical stability but often require higher-temperature processing;
sulfides offer high conductivity and deformability but face chal-
lenges in moisture-controlled fabrication; halides are promising
for high-voltage systems but still require progress in cost, envi-
ronmental stability, and cell-level integration. More broadly,
cathode, anode, and electrolyte design should be treated as a
coupled problem rather than optimized independently.

Further progress will also rely on closer integration of com-
putation, advanced characterization, and scalable processing.
Computational, data-driven, and machine-learning approaches
can accelerate the identification of promising chemistries and
transport descriptors, while in situ and operando methods
remain indispensable for resolving the dynamic interfacial pro-
cesses that govern degradation and failure. Taken together,
effective electrolyte design requires structure/defects, transport,
interface, and processing constraints to be optimized together
rather than in isolation.

Although substantial challenges remain, advances in defect-
controlled transport, interface-aware materials design, and scal-
able electrolyte architectures are likely to define the next stage
of progress and move inorganic solid electrolytes closer to reli-
able, high-performance sodium solid-state batteries.
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