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With widening applications in next-generation energy storage systems, rechargeable secondary
batteries with enhanced safety and energy density are imperative for technological advancements.
All-solid-state sodium batteries can be a promising low-cost and high-energy-density candidate,
provided that stable cycling of the energy-dense Na metal anode can be achieved. However, the
interface between Na metal and solid-state electrolyte remains a challenging problem. Here we
comprehensively review various physical and chemical properties of different types of sodium-based
solid-state electrolytes including sodium b-alumina, Na super ionic conductors (NASICON), chalco-
genides, perovskites, complex hydrides and antiperovskites, and discuss some critical common factors
that affect the Na/electrolyte interface stability. We also summarize the state-of-art strategies to
engineer the interface for better electrochemical performances.
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electronic conducting interphase.
Introduction
All aspects of our modern society now substantially rely on the
improvement of energy production and storage technologies.
Research and development on reliable, safe and economical
energy storage technologies have been extensively performed,
which often have to balance with the ever-growing, equally
important need for high energy and power densities [1]. Among
the various existing battery systems, one of the most popular
ones is the liquid-electrolyte-based batteries, but they are flam-
mable and hazardous. Tremendous efforts have been focused
on developing all-solid-state batteries to improve safety and to
obtain high-energy-density systems [2–8]. An all-solid-state bat-
tery houses a thin film of ceramic, polymer or polymer–ceramic
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composite as solid-state electrolyte, which exhibits high ionic
conductivity, sandwiched between two solid electrodes of mixed
active and electrolyte materials [9–11].

In the present commercial landscape, lithium ion batteries
have been the dominant battery technology and remain ubiqui-
tous in our everyday life. However, sustainability issue causes an
increasing concern owing to the surging demands and limited
global lithium reserves [12]. In this context, sodium-based batter-
ies prove themselves to be one of the most viable alternatives, as
sodium possesses similar chemical and physical properties to
lithium and is abundant in nature [13]. Similar in design to a
Li-ion battery, a typical sodium-ion battery [14–16] comprises a
cathode [17,18] which is made of metal oxides [19–35], sulfates/-
sulfides [36–40] or phosphates [41–49]; an anode [50,51] in the
form of hard carbon [52–60] or metals/alloys [61–65]; and, a
sodium ion conducting electrolyte [66,67]. Recent reports on
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the fabrication of sodium-ion batteries based on non-aqueous
electrolytes have shown much promise [68]. Furthermore, Fara-
dion Limited has successfully made a first-generation sodium-
ion battery of 400 Wh energy and demonstrated its application
in an E-bike [69]. Recently, a group of scientists in China have
further demonstrated the use of sodium-ion batteries in low-
speed electric vehicles [70].

The demand for high energy density calls for an approach
towards the use of all-solid-state sodium metal batteries [71–
74]. Na metal anode possesses high theoretical capacity (1165.8
mAh g�1, as compared with 270.5 mAh g�1 for hard carbon
(Na4C33) [75]) and low electrochemical potential (�2.7 V vs stan-
dard hydrogen electrode). By changing the hard carbon anode
into Na metal, a full cell based on Na3V2(PO4)3 cathode (117.6
mAh g�1, 20% porosity filled with liquid electrolyte of approxi-
mately 1 g mL�1) and Na metal anode (20% excess) can achieve
a cell level energy density of 220 Wh kg�1, which is a 29%
increase over that based on hard carbon. However, Na metal suf-
fers from issues of inhomogeneous deposition/stripping and
dendrite penetration, similar to those of lithium metal anodes
[76–78]. Ceramic solid-state electrolytes with high mechanical
strength were proposed to suppress the formation of metal pro-
trusions. Unfortunately, there are only limited reports on fabri-
cating all-solid-state sodium metal batteries for practical
applications. The challenges are primarily twofold: one is to
acquire high performance solid-state electrolytes (SSEs) with
appropriate mechanical strength as well as high ionic conductiv-
ity [79–81]; and the other is to construct a stable interface
between the solid-state electrolytes and sodium metal [82–84].
We note that the interface stability between cathodes and elec-
trolytes is also difficult to achieve [85–88], which is, however,
beyond the scope of this review.

Despite the discovery of several compounds that exhibit high
sodium ion conductivity, compatibility issues between the
sodium metal anode and solid-state electrolyte has been the
major drawback, as it significantly affects the stability and
coulombic efficiency of charge–discharge cycles [89–91]. Thus,
it is imperative to understand the chemical, mechanical and elec-
trochemical properties of the solid-state electrolyte, which are
often coupled together, and its interface with sodium metal
[92–97]. A stable Na/electrolyte interface should resist the defor-
mation caused by the substantial volume variation of Na metal
during the charging/discharging process, and should always
remain in close contact with Na metal and solid-state elec-
trolytes. Such volume variation at a reasonable area capacity of
1 mAh cm�2 corresponds to 8.8 mm thickness of Na metal plat-
ing/stripping if assuming a fully dense and smooth deposition.

Moreover, in a liquid-electrolyte based cell, sodium dendrite
deposition at the electrode during cycling has been observed to
adopt different morphologies – sometimes needle-like structures
[98,99] that grow up to a few microns in length and sometimes a
mossy-like appearance [99,100]. Although, the underlying mech-
anism of these varied growth patterns is yet to be fully under-
stood, the roots of these dendrites are sources for “dead
sodium” that could deteriorate the coulombic efficiency over a
period of time [101]. The electrochemo-mechanical strength of
solid-state electrolytes becomes imperative to suppress dendritic
growth as loss of contact is much more feasible here. Over several
hundreds of charging–discharging cycles, the electrolyte must
endure a repetitive volume change occurring at the electrodes.
This dynamical strain variation at the electrolyte–anode interface
could lead to detrimental deformation of the electrolyte. There-
fore, mechanical stability of the solid-state electrolyte plays a crit-
ical role in attaining reliable performances from the solid-state
batteries.

Meanwhile, a stableNa/electrolyte interface shouldbepassivat-
ing, i.e., electronically insulating, which prevents the continuous
rise of cell impedance caused majorly by the reaction between
Na metal and solid-state electrolyte. An ideal interface here is
hence similar to what was discussed in conventional lithium-ion
batteries, whichpermits the lithium iondiffusion but not the elec-
tron. In cases where Nametal is thermodynamically stable against
the solid-state electrolytes, the interfacial wettability of Na metal
and solid-state electrolyte should be considered [101–103].

In this review, we introduce different types of sodium solid-
state electrolytes through a perspective of their interface stability
against sodium metal. We discuss the thermodynamic properties
of solid-state electrolytes and their impacton the interface stability
against Na metal. Furthermore, the inorganic solid-state elec-
trolytes are rated based on their mechanical and chemical proper-
ties against sodiummetal, suggesting strengths andweaknesses of
each class of solid-state electrolyte. In the end,methods of alleviat-
ing and minimizing the unstable interfacial effects are discussed.

Interface stability
When a solid-state electrolyte comes in contact with sodium
metal, there are three main issues that can occur at the interface
during the electrochemical cycling – formation of composition-
ally different phases, i.e., the interphases; insufficient contact
between electrode and electrolyte; and finally, metal dendrite
formation and penetration through the electrolyte. In the first
scenario, owing to the highly reducing metal, formation of a thin
layer of interphases between the electrode and the electrolyte is
often observed, which controls the performance of the electro-
chemical cell. Such interphases are generated as a consequence
of electrolyte decomposition. Wenzel et al. categorized interfaces
in solid-state batteries into three types with respect to their stabil-
ity [104–108].

Type Ⅰ – A thermodynamically stable interface with no electro-
chemical/chemical reactions.
Type Ⅱ – A non-passivating interface with electronic and ionic
conductivity bespoken as mixed ionic electronic conducting
interphase (MCI).
Type III – A steady solid (or cathode) electrolyte interphase
(SEI (or CEI)) with high ionic conductivity but insignificant
electronic conductivity.

To ensure long-term stable battery operation, interfaces of
type I or type III are needed.

In the second scenario where there is insufficient contact, a
high interfacial resistance that negatively impacts the cycling
performance of the cell is frequently observed. Furthermore,
undesirable dendrite formation could also occur. One way to cir-
cumvent this is to melt the metal on the solid-state electrolyte.
The melting point of Na metal is 371 K, which is much lower
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than that of Li metal (454 K). Nevertheless, several factors could
affect this method, such as wettability at the electrolyte surface
and chemical stability of the electrolyte against the metal at ele-
vated temperatures. Insufficient contact can also arise from the
substantial volume change because of repeated Na metal deposi-
tion/stripping, placing even more stress on the robustness of the
Na/electrolyte interface.

Lastly, themechanical strength of the solid-state electrolyte is an
important characteristic that could be strongly correlated with the
dendrite growth across the electrolyte during repetitive cycles
[109]. Continuous dendrite growth can eventually lead to short-
circuitingof the cell. The following sectionspresentabrief introduc-
tion to the chemical and mechanical properties of the interface.

(Electro)chemical stability
Chemical instability of the solid-state electrolyte arises from its
reduction by the metallic sodium anode. In particular, when
the SSE contains easily reductive metal element(s), the reduction
process often leads to the generation of metals or alloys at the
metal/electrolyte interface. This eventually results in the forma-
tion of a detrimental MCI that continuously consumes the elec-
trolyte and the metal.

Computationally, the interface stability between Na metal
and the solid-state electrolyte as well as the associated reaction
products can be evaluated through Na grand potential phase dia-
gram [110–113]. Today, such a methodology has been imple-
mented in materials databases such as Materials Project [114],
which is accessible for free to the scientific community. The ther-
modynamic grand potential phase diagram approach does not
consider reaction kinetics and relies on the accurate determina-
tion of energies for all relevant phases in the selected phase dia-
gram. Mechano-electrochemical interaction has recently been
integrated into a generalized computational approach by Li
and co-workers [115,116] to further predict the change of such
standard thermodynamic interface stability in response to differ-
ent materials levels of mechanical constrictions, which is a gen-
eral method that can be applied to both Li and Na based solid-
state electrolytes and interfaces. Molecular dynamics (MD) simu-
lation is an alternative approach to evaluate the metal/electrolyte
interface stability. However, it heavily depends on the initial
input of materials structure and can be trapped at local minimum
during simulations.

On the experimental side, Janek [105], Meng [117], Ceder
[118] and Goodenough [119] groups have realized in-situ obser-
vation of the interface product, which is also remarkable research
progress for solid-state batteries. A variety of techniques have
been utilized in the solid-state batteries, including electrochemi-
cal impedance spectroscopy (EIS), X-ray photoelectron spec-
troscopy (XPS), time-of-flight secondary ion mass spectrometer
(TOF-SIMS), in-situ scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS), syn-
chrotron X-ray depth profiling and solid-state nuclear magnetic
resonance (ss-NMR) [120] for observing various characteristics
of the interface [83,121].

Mechanical stability
The Young’s modulus of a solid-state electrolyte is considered to
be of key importance. The shear modulus of the electrolyte is also
202
responsible for dendrite formation on the anode surface during
cycling. In order to suppress dendrite formation, Monroe and
Newman [122] as well as Albertus et al. [123] suggested that
the shear modulus should be at least twice that of metal [124].
The shear modulus of bulk Na metal is 3.3 GPa, which is much
lower than that of bulk lithium metal (4.2 GPa). However, Xu
et al. [125] discovered that Li has significant anisotropy in
mechanical properties. Along different orientations, the elastic
modulus (3.00–21.2 GPa) and shear modulus (1.46–8.78 GPa)
vary in a broad range. This leads to different propensities for den-
drite formation and growth. In reality, the dendrite deposition
could still occur even if the solid-state electrolyte satisfies Mon-
roe’s criterion, because there are other factors that can also
induce dendrite formation. For example, porosity at the elec-
trolyte/anode interface [126–128] and high electronic conductiv-
ity at the grain boundaries or the interface affect the formation of
dendrites [129–131]. Meanwhile, complexity in microstructures
may change the local modulus distribution of materials, which
may loosen Monroe’s criterion in such cases. Generally speaking,
Monroe’s criterion might be viewed as a helpful guideline, but
not a strict condition for selecting a viable solid-state electrolyte.

Hardness (H) is another important trait that needs to be
addressed in a solid-state electrolyte. Several models have been
proposed to estimate the hardness of a material. Hardness of
the interface indicates its ability to tolerate the volume expan-
sion of anodes and cathodes. Hardness thus affects the surface
contact between solid-state electrolytes and sodium. Meanwhile,
hardness is negatively correlated with fracture toughness KⅠc. KⅠc

reflects the susceptibility to fracture and hence passage of Li den-
drites, as demonstrated in the equation:

KIc ¼ k
E
H

� �1=2 P
c3=2

where k is a constant, E is elastic modulus, P is the applied load, and c
is the track length [132]. Hardness represents the resistance to elastic
and plastic deformation, or failure under external force.

Mechanical properties of a solid-state electrolyte vary between
the grain and grain boundaries of a material resulting in hetero-
geneity, which is suggested to be one origin of mechanical failure
at the metal/electrolyte interface [104,133]. A typical polycrys-
talline inorganic solid-state electrolyte comprises a collection of
grains glued together across grain boundaries [134]. There seems
to be an inherent heterogeneity in terms of the properties
between the bulk grains and the grain boundaries, especially in
their sodium ion concentration, ionic conduction and mechani-
cal strength. The implication is that grain boundaries can be vul-
nerable to various mechanical failures and being at a higher state
of stress makes fracture propagation easier [135]. One of the
major concerns in this regard is, thus, the fracture of the solid-
state electrolyte itself [136]. The concentrated stress on the grain
boundaries can also be seen as favorable sites for dendritic depo-
sition and growth across the electrolyte [125,137]. Grain bound-
aries are particularly vulnerable to dendritic growth owing to a
reduced shear modulus (around 0.2–0.6 times the bulk value)
and relatively larger local current densities around the region
[138,139].

Although the mechanical strength of the material is impor-
tant in realizing suppression of dendritic growth and to nullify
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crack propagation in a solid-state electrolyte, the metallic deposi-
tion at the electrode–electrolyte interface during multiple elec-
trochemical cycles can adversely affect the mechanical stability
of the material [140]. Such “chemo-mechanical” effects are influ-
enced by the inhomogeneous metallic deposition at the anode or
electrolyte decomposition at the interface that could lead to non-
uniform potential distribution [141]. This phenomenon has
been observed to induce void formation that drives the dendrite
formation at the interface in several Li-based systems [93,142–
144]. The occurrence of such voids during lithium plating/strip-
ping can be understood from the perspective of critical stripping
current densities of the material [104,145]. The dynamics of the
charge transfer between the metallic anode and the solid-state
electrolyte is dominated by the vacancy diffusion process for Li6-
PS5Cl and sodium b”-alumina systems. If the stripping of the
metal or the dissolution of the metal occurs at a local current
density that does not exceed its vacancy diffusion limit, one
can expect a continuous and homogenous flow of atoms across
a stable interface. However, at an applied local current density
larger than the vacancy diffusion limit, pore formation is
induced by the supersaturation and accumulation of vacancies.
The contact loss caused by these pores could be remedied by
an external applied pressure accounting for the plastic deforma-
tion of lithium metal by annihilating the created pores. Reports
suggest that a stack pressure of 5–7 MPa could be preferable for
smooth electrochemical cycling for Li metal stripping and plat-
ing [145,146].

Higher stack pressure on the reported Li metal-solid-state elec-
trolyte (Li6PS5Cl) system is short-circuited more easily. On the
other hand, a stack pressure of 100 MPa was found to be highly
effective, and devoid of any dendrite formation or defects, for
plating and stripping of lithium across a Li10GeP2S12 (LGPS) sys-
tem as the electrolyte and the lithium–graphite composite was
used as the anode. This composite anode-LGPS electrolyte set-
up displayed high current densities, of the order of 10 mA cm�2,
during electrochemical cycling. Such improved stability was
achieved due to an enhanced interfacial chemical stability with
the presence of graphite, and an enhanced interfacial electro-
chemical stability from stronger mechanical constriction effect
induced by the high stack pressure, in addition to the conven-
tional understanding of improved interfacial contact [147].
Hence, it is imperative to understand such mechano-chemical
effects over the sodium solid-electrolyte counterparts. In addi-
tion, the electrolyte needs to withstand the stress induced by
the volume changes that occur at the electrodes. These volume
changes could contribute to contact loss at the electrode–elec-
trolyte interface resulting in high interfacial resistance and, even-
tually, capacity fade and poor cyclability [148].

Interestingly, in a recent effort by Jolly et al. [149], a linear
dependency between the critical current density and critical pres-
sure required to suppress voids was established for a three-
electrode cell based on sodium metal (as the working, counter
and reference electrodes) and sodium b”-alumina as the solid
electrolyte. It was observed that for the current density of
2.5 mA cm�2, a critical pressure of above 9 MPa was required
for the cell to cycle without loss of contact and void formation.
Sodium creep was found to be a necessary and dominant mech-
anism in these systems for sodium ion transport to occur across
the electrode–electrolyte interface. Consequently, an increase in
the rate of creep is required for better electrochemical cyclability
by operating at high temperatures or using a more favorable
anode design (i.e., sodium alloying). Heinz et al. [150] realized
that in a planar cell design of Na-NiCl2 full cells with a b”-
alumina solid-state electrolyte, reducing pressure during cell clo-
sure to less than the fracture strength of the solid-state electrolyte
is an effective strategy for restricting adverse chemo-mechanical
effects on the battery. As such, several different mechanisms for
lithium dendrite formation and electrolyte crack propagation
have been investigated from different perspectives, be it defect
induced or even dendrite formation in a graphite anode-based
full cell solid-state electrolyte system [151,152]. Nevertheless,
the understanding of the sodium dendritic formation and prop-
agation across inorganic solid-state electrolytes is still at its bud-
ding stages.
Inorganic solid-state electrolytes and their interfacial
properties
Inorganic solid-state electrolytes, owing to their high mechanical
strength, are a viable option for alkali metal anodes. However,
many factors hamper their application in the all-solid-state
sodium ion batteries, which include poor interface contact (in-
ducing sluggish kinetic ion transfer within the metal/electrolyte
interface), undesirable chemical/electrochemical reactions with
alkali metal, modest thermodynamic and mechanical stability
of certain solid-state electrolytes. Different solid-state electrolytes
face diverse interface issues and challenges that need to be
addressed. So, in this section, we present critical interface issues
between the inorganic solid-state electrolyte and the sodium
metal. The electrolytes have been categorized according to the
respective anionic composition.
Sodium b-alumina
The sodium b-alumina solid-state electrolyte was first discovered
in 1960s [153]. It possesses an ionic conductivity as high as
1.4 � 10�2 S cm�1 at room temperature (RT) and good thermal
properties [154,155]. The b-alumina crystallizes in two types of
structure, namely, hexagonal b-alumina [153] and rhombohedral
b00-alumina [156] and the ionic migration in these materials are 2-
D in nature. Chemical composition of sodium b-alumina is Na2O
(8–11%)–Al2O3 while sodium b00-alumina is Na2O(5–7%)–Al2O3.
Sodium b00-alumina consists of spinel blocks made of AlO4 tetra-
hedra and AlO6 octahedra, stacked up along the c-axis that form
the conduction planes for sodium ion transport. At high temper-
atures of around 250–350 �C, b-alumina could exhibit an ionic
conductivity as high as 1 S cm�1, based on which the high tem-
perature Na–S and ZEBRA (sodium–metal chloride) batteries
could be applied in large scale energy storage systems
[157,158]. Synthesizing pure b00-alumina is affected by its ther-
modynamic instability at high temperatures of processing condi-
tions, resulting in a mixture of b-alumina and Al2O3. Hence, trace
amounts of stabilizers (MgO, TiO2, Y2O3, or ZrO2) are used to
counter the instability [71,157]. Apart from aluminum oxide, cal-
cium and silicon are prominent impurities found in b00-alumina
in the form of calcium aluminate and sodium aluminum silicate.
These secondary phases could adversely affect the ionic conduc-
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tivity and wettability of molten sodium anodes and conse-
quently, result in larger interfacial resistance.

To account for the poor contact between the sodium b-
alumina and sodium, the battery was operated at a high temper-
ature to melt the sodium and improve the ionic conductivity of
b-alumina. Wenzel and co-workers [105] introduced interfacial
reactivity benchmarking by the use of time-resolved electro-
chemical measurements (Fig. 1a) and in-situ XPS (Fig. 1b).
Time-resolved electrochemical measurements are simple and
powerful methods to evaluate the stability of SSEs, as long as a
small voltage of about 20 mV is applied to determine the charge
transfer resistance. Meanwhile, cyclic voltammetry (CV) was
used to observe the changes in the polarization resistance by
employing a three-electrode system. The sodium b-alumina
demonstrates extremely firm chemical stability against sodium
metal and shows no change in the polarization resistance or
charge transfer resistance as observed from time resolved impe-
dance spectroscopy and CV measurements. Also, the chemical
states of Al and O were maintained during the in-situ test for
sodium deposition. All these suggest that sodium b-alumina is
thermodynamically stable with Na metal, consistent with recent
theoretical modeling results [159].
FIGURE 1

(a) EIS and CV data of sodium and sodium-b00-alumina with different times of
100 mHz and an excitation amplitude of 20 mV. The scan rate of CV tests was set
b00-alumina. Reproduced from Ref. [105] with permission, Copyright 2016, American
(d) Schematic illustrations of the interface of NASICON and sodium. Reproduced
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NASICOn
The sodium super ionic conductor (NASICON) type solid-state
electrolyte was first proposed by Goodenough et al. in 1976
[160]. The structure of NaZr2P3O12 with the parent composition
is such that partial replacement of P by Si has tremendous poten-
tial of accommodating more Na ions in the unit cell and thereby,
improving the ionic conductivity of the material. NASICON crys-
tallizes in rhombohedral and monoclinic structures with chan-
nels large enough to allow 3-dimensional ionic migration. The
NASICON system with a composition of Na3Zr2Si2PO12 crystal-
lizes in a monoclinic structure and exhibits a high ionic conduc-
tivity of 0.67 mS cm�1 at room temperature [161,162]. As more
Na+ ions are incorporated into the structure, the ionic conduc-
tion occurs through tetrahedral channels in a concerted manner
which helps improve the net ionic conductivity of the material
[163]. The optimal amount of inclusion of Na+ ions in the crystal
structure to exhibit enhanced ionic conduction was found to be
3.3 moles of Na per formula unit [164].

The partial or complete substitution of Zr4+ sites by aliovalent
and isovalent cations (such as Mg2+, Co2+, Al3+, Sc3+, La3+, Ti4+,
Hf4+, Nb5+, Ta5+, and V5+) results in varied effects on the trans-
port channel bottlenecks, bulk ionic conduction and grain
contact. EIS measurements were taken in the frequency range of 7 MHz to
to 1 mV s�1. (b) In-situ XPS measurements for sodium deposition on sodium-
Chemical Society. (c) TOF-SIMS depth profiles of the Na/NASICON interface.
from Ref. [119] with permission, Copyright 2018, Elsevier.



FIGURE 2

Schematic diagram of design strategies for chalcogenide Na+ superionic conductors and their respective ionic conductivities. This figure is adapted from
Reference [171].

FIGURE 3

(a) EIS and small range CV of Na/Na3PS4/Na symmetric cells for different times. EIS measurements were taken in the frequency range of 7 MHz to 100 mHz
and an excitation amplitude of 20 mV. The scan rate of CV tests was set to 1 mV s�1. (b) Time-dependent resistance of Na3PS4 and interphase with equivalent
circuit models in the inset. Reproduced from Ref. [105] with permission, Copyright 2016, American Chemical Society. (c) Predicted electrochemical decomposition
products of Cl-, Sn-, or Si-doped Na3PS4 compounds. Reproduced from Ref. [175] with permission, Copyright 2016, Springer Nature. (e) XPS data of S2p, P2p, and
Cl2p of pristine Na3PS4 and Cl-doped Na3PS4 before and after cycling. Reproduced from Ref. [176] with permission, Copyright 2018, American Chemical Society.
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microstructures. A comprehensive list of dopants and substitu-
tions in NASICON systems has been covered in other review arti-
cles [164,165]. Based on the survey of dopants in the NASICON
structure, Guin et al. realized that for the system to yield high
ionic conduction, the ionic radii of the substitution elements
need to be around 0.72 Å. This was prominently observed in
the Sc3+-doped NASICON which yielded a high ionic conductiv-
ity of the order 4 mS cm�1, as the ionic radius compatibility
could be attained from Sc3+ ion (rion = 0.75 Å) [166]. On the other
hand, the addition of a larger ion La3+ has also led to an
enhanced ionic conductivity in the range of 3.4 mS cm�1

[167]. Interestingly, the La3+ ion was found to be present as a sec-
ondary glassy phase along the grain boundaries in the form of
Na3La(PO4)2 instead of occupying any sites in the parent crystal
structure.

Gao et al. [119] used TOF-SIMS to probe the interface between
the sodium metal and the NASICON solid-state electrolyte
(Fig. 1c, d). TOF-SIMS is a very sensitive surface analytical tech-
nique that is well established for detecting the components of
a substrate for many industrial and research applications. The
205
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intensity of NaOx drops off with time which proves that NaOx

exists only on the contact interface between sodium and NASI-
CON. Limited reactions between sodium and NASICON could
be attributed to the formation of an ionically passivating film
(NaOx) with a remarkably reduced surface thickness. During
the charge–discharge cycles, the passivation film could amend
the wettability of the sodium anode on the surface of the solid-
state electrolyte, which promotes the dendrite-free deposition
of sodium metal. Such wettability is different from the conven-
tional definition (solid–solid direct contact) and should be con-
sidered a chemical-reaction-induced wettability, rather than a
purely physical process. Similar wettability has been shown to
improve ion transport across metal/electrolyte interfaces in a
wide range of systems [168–170].

Chalcogenides
Chalcogenide SSEs with high ionic conductivity have appeared
to be suitable replacement for liquid electrolytes. Their supple-
ness allows them to easily obtain close-grained pellets via cold
pressing. This particular trait offers them superiority over other
electrolyte systems, as versatile geometries in full cell assembly
could be achieved. Chalcogenide SSEs are designed based on
the strength of Na3PO4. Using aliovalent or isovalent substitu-
tion of P and/or O by elements with larger atomic radii, compo-
sition and ionic conductivities of these materials can be
systematically tuned. Sodium chalcogenide conductors derived
from the parent composition include Na3PS4, Na3–xPS4–xClx, Na4-
P2S6, Na3PSxSe4–x, Na3SbS4, Na11Sn2PS12, Na3PSe4, Na3SbSe4,
Na11Sn2SbS12, Na11Sn2PSe12 and the glass–ceramic 94Na3PS4-
�6Na4SiS4 (Fig. 2).

Na3PS4 was the first reported sulfide superionic electrolyte.
Na3PS4 reveals two crystal structures: tetragonal phase (P–421c;
a = b = 6.9520 Å, c = 7.0757 Å) and cubic phase (I–43m;
a = b = c = 7.0699 Å). For the cubic phase, Na partially occupies
6b site and 12d site. The tetragonal phase synthesized at low tem-
perature (i.e., 251 �C) exhibited a moderate ionic conductivity of
10�6–10�5 S cm�1 at 25 �C [172]. Meanwhile cubic Na3PS4 (c-
Na3PS4) was proposed by Hayashi et al. [173] with an enhanced
ionic conductivity of 2 � 10�4 S cm�1 at room temperature.
The c-Na3PS4 could be obtained by employing mechanochemical
methods and consequent heat treatment at 270 �C [174]. This c-
Na3PS4 prepared at low temperatures exhibited a high ionic con-
ductivity of 4.6 � 10�4 S cm�1.

Wenzel et al. [105] presented interfacial reactivity benchmark-
ing of the sodium ion conductor Na3PS4, as demonstrated in
Fig. 3a: a strong impedance increase was observed and the overall
resistance was approximately doubled. The CV results show great
changes in slope within the initial a few hours, which indicates a
sharp increase in polarization resistance as a result of the reaction
at the interface. Moreover, Fig. 3b shows that the interface resis-
tance increases almost linearly due to the formation of interfacial
reaction products.

Chu et al. [175] predicted the phase stability of Na3–xPS4–xClx.
Fig. 3c illustrates the electrochemical decomposition products of
doped Na3PS4 compounds. The Y-axis refers to Na uptake per for-
mula unit. With regard to the inclusion of chlorides, Na3–xPS4–x-
Cl

x
is stable against sodium metal till a potential of 2.4 V versus

Na/Na+, above which the formation of NaPS3 + S + NaCl is pre-
206
dicted to occur. However, if the operating voltage is within
2.4 V, the predicted phase equilibrium at the charged cathode–
solid-state electrolyte interface retains t-Na3PS4 + NaCl as the pri-
mary component [175]. After symmetric Na/SSE/Na cell cycling,
with XPS, the interface between Na and SSEs has been observed
to form Na2S and Na3P for Na3PS4 and Na2S, Na3P and NaCl for
Na3–xPS4–xClx (Fig. 3d) [176]. This interface degradation in the
presence of Na metal, where some of the decomposition products
exhibit low band gap and are not pure electronic insulators,
could form harmful MCI and badly affect the electrochemical
cell performance. Note that Na3P is actually a semiconductor
with a small band gap of 0.4 eV [177] and thus exhibits mixed
conduction, in contrast to the ionically conductive but electron-
ically insulating lithium counterpart (i.e., Li3P). Note that, due to
the presence of non-negligible oxygen contamination in the
phosphosulfide Li-counterpart (Li2S-P2S5), Wood et al. unveiled
by using operando X-ray photoelectron spectroscopic technique
that the Li metal/electrolyte interface contains trace Li+, inhibit-
ing Li3PO4 and Li2O phases [178]. Such presence in Na3PS4 and
the potential impact on the ionic conductivity across the inter-
face is yet to be studied. Any phosphate or thiophosphate Na
solid-state electrolyte that can be reduced to Na3P upon contact-
ing with Na metal, should therefore be avoided pairing up with
Na metal. However, on halogen substitution of phosphorous,
formation of NaX (X = F, Cl, Br, I) could provide passivating qual-
ity. This could improve cell performance and slow the kinetics of
degradation, owing to the reduction of the mole fraction of
mixed conducting phase, such as Na3P.

Bo et al. [179] have deduced structure-dependent ionic con-
duction properties by partially substituting S with Se that can
result in Na3PSxSe4–x. The addition of Se led to a crystal structure
transition from tetragonal to cubic system, with a concomitant
increase in the ionic conductivity and reduction in the activation
energies. Na3PSe4 is acquired by completely substituting S with
Se [180]. Tian et al. [181] examined the compatibility issues
between sodium and Na3PSe4, which led to the observation that
the calculated stability window from 1.8 to 2.15 V is narrower
than the experimentally estimated one up to 2.6 V from CVmea-
surements. However, a low-current (close to equilibrium) gal-
vanostatic cycling of Na3PSe4 as an electrode shows a more
consistent result with their theoretical prediction. Na3PSe4 was
observed to decompose when charged to 2.5 V or discharged
below 0.5 V, with respect to the oxidation and reduction peaks
of Na3PSe4 (Fig. 4a). When the cell is charged at 2.5 V, new Se
peaks emerge from ex-situ X-ray diffraction (XRD) measurements
as shown in Fig. 4b. This indicates that Na3PSe4 is stable only up
to 2.33 V. On the other hand, during the discharge process, a
small capacity is delivered in the voltage slope region of 1.25–
2.10 V. This voltage was ascribed to Se obtained from the prepa-
ration process since the reduction potential of Se is approxi-
mately 2 V [182]. This implies that the cathodic stability limit
of Na3PSe4 could be assigned to be 1.25 V and the overall electro-
chemical stability window of Na3PSe4 via the charge/discharge
method was determined to be 1.25–2.33 V. Meanwhile, a sym-
metric Na/Na3PSe4/Na cell that was cycled at a current density
of 0.1–0.2 mA cm�2 short circuited after approximately 12 h of
cycling. XRD analyses of the electrolyte after cycling suggest that
Na3PSe4 fully decomposed into amorphous components.
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FIGURE 4

(a) Electrochemical cycling of Na3PSe4 cathodes (mixed with carbon) at the current density of 2.404 mA g�1. (b) Ex-situ XRD patterns of Na3PSe4 before and
after charge. Reproduced from Ref. [181] with permission, Copyright 2017, Royal Society of Chemistry. (c) XPS region scan of Na3SbS4 interface after symmetric
cell cycling. Reproduced from Ref. [176] with permission, Copyright 2018, American Chemical Society. (d) SXRD depth profiling of as-air exposure symmetric cells
along the vertical axis. The color of each XRD pattern corresponds to one layer of the schematic illustration. Reproduced from Ref. [118] with permission,
Copyright 2019, Elsevier.
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Replacing P5+ with Sb5+ could acquire a superionic conductor
in Na3SbS4 [183,184], which has been touted as a promising
solid-state electrolyte for sodium ion batteries owing to its good
air stability. This cubic material could be synthetized by dehydra-
tion [183] or solution process [185,186]. Na3SbS4 undergoes a
chemical reaction (Reaction 1) against sodium metal forming
Na3Sb and Na2S at the interface, as verified from XPS (Fig. 4c).
One of the reaction products, Na3Sb, is a small band gap mate-
rial, making the interface an MCI [176]. Tian et al. [118] intro-
duced a reverse interface engineering route to protect the Na/
Na3SbS4 interface. With the help of first-principles screening,
NaH and Na2O were predicted to be thermodynamically stable
upon the contact with Na metal [159]. Hence, they partially
hydrated the Na3SbS4 interface to form Na3SbS4�8H2O, which,
once in contact with Na metal, undergoes another chemical pro-
cess (Reaction 2) producing passivating products such as NaH
and Na2O. The reaction products were characterized with the
help of synchrotron X-ray diffraction (SXRD) depth profiling,
and the results are presented in Fig. 4d. Comparing the two
reactions,

8NaþNa3SbS4 ! 4Na2SþNa3Sb ðReaction1Þ

40NaþNa3SbS4 � 8H2O ! 4Na2SþNa3Sbþ 16NaH

þ 8Na2O ðReaction2Þ
one can find that the fraction of the electron conducting phase dra-
matically decreases from 20 mol% to 3 mol%, resulting in greatly
improved interface stability with the formation of a more passivating
‘SEI’ phase. Solution-based synthesis could be used to obtain Na3SbS4
and its derivative, NaI�Na3SbS4, by fully dissolving in protic solvents
such as MeOH or water and avoiding any secondary reactions [187].
The latter compound exhibited an ionic conductivity in the range
of 0.74 mS cm�1.

High-throughput screening is an efficient and convenient
method to filtrate the potential existence of materials in a dis-
parate structure. Richards et al. [188] predicted the formation
of LGPS-structure-type Na10SnP2S12, which exhibits P–4m2 space
group, and the structure consists of three symmetrically distinct
chains of cations oriented parallel to the c-axis, exhibiting 1D
ionic conduction, by using ab initio molecular dynamics (AIMD)
simulations. The as-synthesized tetragonal Na10SnP2S12 shows a
conductivity of 0.4 mS cm�1 with an activation energy of
0.356 eV, which is in remarkable agreement with AIMD results.
Richards et al. [188] also continued to study the stability limits
of Na10SnP2S12. From the Na–Sn–P–S phase diagram (Fig. 5a),
one could see that the Na10SnP2S12 phase is metastable at 0 K.
The authors considered the potentials at which the ground-
state materials’ (Na4SnS4 or Na3PS4) equilibrium becomes unsta-
ble, making Na10SnP2S12 unstable. Above 1.82 V, Na4SnS4
decomposes to S and Na2SnS3 versus Na metal, and below
1.25 V, phosphorus is partially reduced to form Na2PS3. Hence,
207
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FIGURE 5

(a) Pseudo-ternary 0 K Na-Sn-P-S phase diagram with location of Na10SnP2S12. Stable phases are marked with blue dots. Reproduced from Ref. [188] with
permission, Copyright 2016, Springer Nature. (b) CV tests of Na/Na11Sn2PSe12/stainless steel cells at the rate of 0.5 mV s�1 between �0.5 and 5 V at 60 �C. (c)
XPS profile Sn3d and Se3d of Na11Sn2PSe12 pellets before and after contact with sodium metal. Reproduced from Ref. [194] with permission, Copyright 2019,
Elsevier. (d) Room temperature CV profiles of the Na|Na2(B12H12)0.5(B10H10)0.5|Pt cell from 0.5 to 6.5 V with a scan rate of 0.1 mV s�1 as well as Na|
Na2(B12H12)0.5(B10H10)0.5|Al and Na|Na2(B12H12)0.5(B10H10)0.5|Pt cells between 0.5 and 5.5 V showing the oxidative (red) and reductive (black) stability of the
electrolyte. Reproduced from Ref. [195] with permission, Copyright 2017, Royal Society of Chemistry.
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the electrochemical stability window of Na10SnP2S12 is predicted
to be 1.25–1.82 V.

Recent reports on the aliovalent substitution of Sb5+ sites in
Na3SbS4 by Sn4+ have resulted in a new class of sodium ion con-
ducting solid electrolytes associated with a general formula,
Na4�xSn1�xSbxS4 (0.02 � x � 0.33) [189]. With an upper limit of
Sb5+ substitution, the stoichiometric system of Na11Sn2SbS12
exhibits fairly good ionic conductivity (around 0.2 mS cm�1).
Also, the electrochemical stability window for the composition
of Na11.25Sn2.25Sb0.75S12 was estimated to be in the range of
0.44–4.5 V (vs Na/Na+) [189]. In addition, these compounds
retain ionic conduction even after several hours of exposure to
air. Isovalent substitution of Sb5+ with P5+ or S2� with Se2� results
in chalcogenide-based solid-state electrolytes Na11Sn2PS12 [190]
and Na11Sn2PSe12 [191] with improved ionic conductivities (1
and 4 mS cm�1, respectively). Na11Sn2PS12 comprises characteris-
tic 3D chessboard frameworks of SnS4 and PS4 tetrahedra that
delimit wide Na+ channels along the c axis and within the ab
planes. Zhang et al. [192] suggested that Na11Sn2PS12 is oxida-
tively stable up to 5 V by CV studies. As for reduction stability,
from XPS analyses of the sample after the CV scan down to
�0.5 V, Na2S and Sn were observed to form at the interface
[193]. This interface can be, hence, categorized as a harmful
MCI. On the other hand, the electrochemical stability window
of Na/Na11Sn2PSe12 obtained from the CV test (Fig. 5b) was in
the range of 1.22–2.65 V. Furthermore, below 1.22 V and above
2.65 V, Na11Sn2PSe12 exhibits reductive and oxidative reactions,
208
respectively [194]. The decomposition products at the Na/Na11-
Sn2PSe12 interface are identified to be Sn and Na2Se from XPS
(Fig. 5c) rendering the interface an MCI. The evolution of toxic
H2Se gas can be avoided in these compounds unlike other sul-
fides that contain phosphorus.
Complex hydrides
The sodium ion conduction in the complex hydrides was
reported for the first time in 2012 [196]. Amongst them, the
borohydride type SSEs showed great potential as replacement
for liquid electrolytes. Udovic et al. [196] opened up the research
on complex hydrides as the sodium solid-state electrolytes. They
synthetized two kinds of SSEs: NaAlH4 and Na3AlH6 that exhib-
ited ionic conductivities of 2.1 � 10�10 and 6.4 � 10�4 S cm�1

at room temperature, respectively. As predicted by density func-
tional theory (DFT), NaAlH4 and Na3AlH6 are intrinsic electronic
insulators and fast ion conductors at high temperature [197].

Following their design, Duchêne et al. [198] presented
another kind of complex hydride superionic conductors: disor-
dered sodium decahydro-closo-decaborate Na2B10H10, showing
a pseudo-face-centered-cubic (FCC) framework. Na2B10H10 exhi-
bits a monoclinic phase (space group P21/c, a = 6.65 Å,
b = 13.13 Å, c = 11.8 Å, with b = 120.20�). Na2B10H10 transformed
from order to disorder phase at 375 K, and the disordered Na2B10-
H10 exhibited high ionic conductivity of 0.01 S cm�1 and low
activation energy of 0.19 eV. Chen and co-workers [199] drew a
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conclusion that Na2B10H10 is a ductile material with low poly-
crystalline bulk modulus, shear modulus and Young’s modulus.

The dodeca/deca-borate mixture pseudo-binary complex
hydride, which exhibits high ionic conductivity of the order of
10�4 S cm�1 at room temperature, has been proved to be stable
against sodium metal [200]. Duchêne et al. [195] spearheaded
the research on the pseudo-binary complex-hydride-based
sodium ion superionic conductors. They believed that the stabil-
ity window of the closo-borate electrolytes was overestimated
based on CVs of the Na|Na2(B12H12)0.5(B10H10)0.5|Pt cell with a
value of 0–6 V (Fig. 5d). The overestimation could have been
caused by: (a) the very small oxidation currents that could only
be detected by the high-resolution detector with pA resolution
or (b) an artificial increase in the contact area between the elec-
trolyte and the working electrode. In practice, they showed that
Na2(B12H12)0.5(B10H10)0.5 could only offer an electrochemical sta-
bility window of 3 V, beyond which small decomposition cur-
rent of less than 10nA cm�2 was observed (Fig. 5d).
Nevertheless, promising high-performance full cells were
demonstrated based on these closo-borate electrolytes [201].

Perovskites
Oxide-based perovskite solid-state electrolytes exhibiting high
oxide ionic conductivity of �10�3 S cm�1 at room temperature
have been comprehensively used as solid oxide fuel cells
(SOFCs), oxygen sensors and air separation membranes [202].
Recently, high lithium/sodium ion conductivities were also
reported in these classes of materials.

The ionic conductivities of Na0.33La0.55ZrO3 (NLZO) and Sr
substituted Na1/3La1/3Sr1/3ZrO3, which are indexed to an
orthorhombic crystal structure, were found to be 6.89 � 10�7

and 1.025 � 10�5 S cm�1 at room temperature, respectively.
Unlike the perovskite type lithium lanthanum titanate (LLTO),
which has the easily reducible titanium ion, the sodium per-
ovskite type SSEs of Na0.33La0.55ZrO3 (NLZO) and Sr substituted
Na1/3La1/3Sr1/3ZrO3 contain more stable elements of La, Zr and
Sr and may possess higher chemical stability with sodium metal
[203].

Antiperovskites
Since the discovery of antiperovskite Li3OCl1�xBrx [204] with
high lithium ion conduction and good electrochemical stability
window, search for sodium-based analogs of the antiperovskite-
type solid-state electrolytes (with a chemical composition of Na3-
OX, where X = Cl, Br, I and BH4), crystallizing into a cubic struc-
ture (space group Pm–3m, a = 4.564 Å), with high ionic
conductivity has gained much attraction over the recent years.

Electronic structure of Na3OCl and Na3OBr estimated with
full potential-linearized augmented plane wave (FP-LAPW)
method demonstrates that these compounds are direct band
gap insulators [205]. Elastic constants from DFT calculations
reveal that Na3OCl is mechanically stable, but Na3OBr is brittle
in nature [206].

Some Li-nonmetal binary phases formed between the lithium
anode and SSEs have been proved to be an effective passivate lay-
ers against lithium [207], which are similar in nature to sodium
as well. The sodium antiperovskite type SSEs consist of sodium,
oxygen, and halogen/rotational clusters (e.g., BH4

�). It is also
expected to form ionically conducting but electronically insulat-
ing NaX (X = halogen) when the SSE is in contact with sodium
anodes [111]. Unfortunately, the antiperovskite SSEs discovered
so far were estimated to be stable only for a window of 0–1.8 V.

Choosing the ideal solid-state electrolyte
In this section, we will make a summative comparison of the
SSEs discussed in the above section with respect to their ionic
conductivity, electronic conductivity, electrochemical stability
window, mechanical strength and resistivity with sodium, and
further address various common issues associated with each class
of inorganic solid-state electrolytes. By considering the average
values of various properties for different classes of SSEs, we create
a radar plot highlighting the advantages and disadvantages of
each class of materials, as shown in Fig. 6. Detailed information
is shown in Table 1. Finally, this section will also address the
grain boundary effect that predominantly exists among oxide-
based solid-state electrolytes.

Ionic conductivity
To be efficiently functioning as a solid-state electrolyte, the ionic
conductivity of the material is generally the top priority among
other properties. Chalcogenide SSEs including sulfide-based,
selenium-based and their mixed compounds; NASICON; and
complex hydrides all exhibit high ionic conductivities in the
range of 10�4–10�3 S cm�1 at room temperature. However,
among all the sodium-based inorganic solid-state electrolytes,
sodium b-alumina possesses one of the highest ionic conductiv-
ities at room temperature, which lies in the range of 10�2 S cm�1

[154]. These conductivity values are comparable to those of the
sodium ion-based liquid electrolytes. The perovskite and antiper-
ovskite SSEs exhibit non-ideal ionic conductivities that are much
less than those of other types of SSEs by 4 or 5 orders of magni-
tude. However with the introduction of rotational cluster anion
BH4� in Na3OBH4, the ionic conductivity can be improved to a
much higher value of 4.4 � 10�3 S cm�1 at room temperature
[217]. There is no doubt that ionic conductivity is an important
and fundamental criterion of an ideal solid-state electrolyte, but
as discussed throughout this review, this is not the only factor
controlling battery performance.

Electronic conductivity
The electronic conductivity in solid-state electrolytes has
recently emerged as one of the root causes for the formation of
dendrites [221]. This concept could also be extended to elec-
tronic conductivity induced by sodium dendrite growth within
the sodium-based SSEs. It is understood that electronic conduc-
tivity is a decisive factor that controls the critical current density
that in turn brings down the performance of the battery. There-
fore, we emphasize the importance of electronic conductivity of
the solid-state electrolyte in this review. As for sodium b-alumina
[105], it is an electronic insulator with an electronic conductivity
of 6 � 10�12 S cm�1. When it comes to other types of sodium-
based SSEs, they are considered to be pure ionic conductors only
when the Na+ ion transfer number (equal to ionic conductivity
divided by the total conductivity from both ionic and electronic
conductivities) is approximate to 1. It is advisable to ignore the
effect of electronic conductivity when it is lower than the ionic
209
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FIGURE 6

Radar plots of the various physical and chemical properties of solid-state electrolytes indicating their relative performances.
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conductivity by at least 4 orders of magnitude. Many of the fast
ion conductors meet this condition. It should be noted that Han
et al. reports that the electronic conductivity of LLZO and LPS is
only at 10�8 and 10�9 S cm�1, respectively and, yet, plays an
important role in the growth of lithium dendrites. In compar-
ison, the electronic conductivity of NASICON [222] was found
to be the highest at 10�7 S cm�1 at room temperature. Chalco-
genide [105,176,180,186,192], complex hydride [196] and per-
ovskite [203] SSEs possess slightly lower values of electronic
conductivity in the range of 10�8 to 10�9 S cm�1, of which the
electronic conductivity of complex hydrides is as low as
4.9 � 10�9 S cm�1. Moreover, only very few papers have focused
on the sodium antiperovskite SSEs, with a notable mention that
their electronic conductivity is negligible [223].

Mechanical strength
Mechanical strength of the material is another crucial parameter
to evaluate the solid-state electrolyte’s resistance to deformation
from external pressure. Young’s modulus and shear modulus are
the two main elastic modulus parameters to compare among the
SSEs. Young’s modulus is used to describe the material’s ability to
resist deformation. Shear modulus is the ratio of shear stress to
shear strain where shear stress is within the limit of elastic defor-
mation. As such, it represents the material’s resistance to shear
deformation. Ideally, the shear modulus of the solid-state elec-
trolyte is preferred to exhibit approximately twice or higher than
the shear modulus of sodium metal (3.3 GPa). This could serve as
suggestion for suitable solid-state electrolytes [224]. The solid-
state electrolytes designed based on oxide compounds possess
good mechanical strength: sodium b-alumina has a considerably
high Young’s modulus of 200 GPa [225] and a shear modulus
210
and 35 GPa [226]; NASICON exhibits a Young’s modulus of 75
GPa and a shear modulus of 44.3 GPa [225]; 200 GPa and 55
GPa for perovskite SSEs; and those for antiperovskite SSEs are
about 61 GPa and 20.9 GPa [227]. The shear modulus of all these
materials satisfies the conditions of larger than twice that of
sodium metal. But it is also noteworthy that a higher mechanical
strength could mean strenuous processing conditions. On the
contrary, chalcogenide and complex-hydride-based SSEs possess
lower mechanical strength: the range of chalcogenide SSEs’
Young’s modulus is 18–25 GPa [228] and shear modulus of 5–6
GPa for glass sulfides [229] and varies from a few GPa to higher
than 10 GPa for ceramics depending on the composition [114];
the Young’s modulus and shear modulus of complex hydrides
are 12.75 and 5.5 GPa, respectively [199]. Therefore, one has to
be more careful when judging if a chalcogenide or complex
hydride satisfies Monroe’s criterion.

Electrochemical stability window
Electrochemical stability window has been obtained by both
experimental methods and theoretical simulations. However,
the two methods can yield substantially different results in some
cases. Tang et al. [230] and Lacivita et al. [159] summarized the
electrochemical stability window of Na solid-state electrolyte
candidates through ab-initio investigations, and the oxidation
and reduction potentials are also listed in the charts (Fig. 7a,
b). It is to be noted that the ab-initio calculations were made at
0 K. Sodium b-alumina is stable against sodium metal even at
high temperatures. By CV tests of the Ag|NASICON|Na cell,
researchers found NASICON stable against sodium in the range
of 1.75–5.0 V [209]. However, a NASICON type solid-state elec-
trolyte is theoretically predicted to be stable against sodium at
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TABLE 1

Electrochemical properties for sodium-based SSEs.

Type Chemical Formula Ionic
Conductivity
(S cm�1)

Ea
(eV)

Electronic
Conductivity
(S cm�1)

Electrochemical
Window (V)

Predicted
Window (V)

Shear
Modulus
(GPa)

Young's
Modulus (GPa)

Interfacial
Resistance

Wettability Reference

b-Alumina b-Al2O3 1.4 � 10�2

(25 �C)
0.16 6 � 10�12 – – 35 200 120 X � [154]

b00-Al2O3 1 � 10�1

(25 �C)
0.20 – – [105,208]

NASICON Na3Zr2Si2PO12 1.13 � 10�3

(20 �C)
0.32 2.35 � 10�7 1.75–5.0 1.1–3.5 44 75 14.25 kX � [209,210]

Na3.4Zr1.8Zn0.2Si2PO12 1.44 � 10�3

(25 �C)
0.28 – – [211]

Na3La(PO4)3 1.10 � 10�3

(25 �C)
– – [212]

Na3.4Zr1.6Sc0.4Si2PO12 4 � 10�3

(25 �C)
0.26 0.3–6 [213]

Chalcogenides Na3PS4 2 � 10�4

(25 �C)
0.28 8.9 � 10�8 0–5 1.39–2.45 5–10 18–25 60 X

p
[105,173]

Na2.73Ca0.135PS4 9.4 � 10�4

(25 �C)
0.49 – – [214]

Na2.9375PS3.9375Cl0.0625 1.14 � 10�3

(25 �C)
0.25 0–2.4 – [175]

Na3SbS4 1.05 � 10�3

(25 �C)
0.22 1.9 � 10�10 0.5–5 1.83–1.90 40 X cm2 [183]

Na2.88Sb0.88W0.12S4 3.2 � 10�2

(25 �C)
0.18 [68]

0.1NaI�0.9Na3SbS4 7.4 � 10�4

(30 �C)
0.30 [187]

Na3PSe4 1.16 � 10�3

(25 �C)
0.21 – – 1.57–1.87 – [180]

Na3SbSe4 8.5 � 10�4

(25 �C)
0.19 4.24 � 10�8 – – – [215]

Na11Sn2PS12 1.4 � 10�3

(25 �C)
0.25 7.17 � 10�9 1.25–5 1.37–2.23 – [192]

Na11Sn2SbS12 5.9 � 10�4

(25 �C)
0.34 – 0.44–4.5 – – [190]

Na11Sn2PSe12 2.15 � 10�3

(30 �C)
0.28 1.87 � 10�7 1.22–2.65 – – [194]

94Na3PS4�6Na4SiS4 7.4 � 10�4

(25 �C)
– – 0–5 – – [216]

Type Chemical Formula Ionic
Conductivity
(S cm�1)

Ea
(eV)

Electronic
Conductivity
(S cm�1)

Electrochemical
Window (V)

Shear Modulus
(GPa)

Young’s
Modulus (GPa)

Interfacial
Resistance

Wettability Reference

Complex
hydrides

NaAlH4 2.1 � 10�10

(25 �C)
0.79 – – 6 M 12.75 2 � 106 X ffip [196]

Na3AlH6 6.4 � 10�7

(25 �C)
0.62 – – 9 � 103 X [196]

Na2B10H10 1 � 10�2

(110 �C)
0.19 4.9 � 10�9 0–5 – [198]

(continued on next page)
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1.13–3.35 V [230]. Meanwhile, the electrochemical stability win-
dow of chalcogenide SSEs was estimated to be fairly narrow
because they are easily reduced by alkali metals. The predicted
values were only 1.16–2.49 V [230] and 1.39–2.45 V [159] for
Na3PS4; 1.54–2.35 V [230] and 1.83–1.90 V [159] for Na3SbS4;
and 1.37–2.23 V [159] for Na11Sn2PS12. However, CV tests of
the symmetric cell showed that Na3PS4, Na3SbS4 and Na11Sn2-
PS12 were stable up in 0–5 [231], 0.5–5 [183] and 1.25–5 V
[192], respectively. Complex hydride SSEs with the constitution
of unary or binary B10H10

2� and B12H12
2� possess good electrochem-

ical stability against sodium in the range of 0–3 V [195] as
demonstrated through CV tests. DFT investigations predicted
an overall range from 0 V up to 3.5 V [159] for complex hydrides.
The antiperovskite SSEs were novel and only one theoretical elec-
trochemical stability window was reported to be within 0–1.8 V
[159].

The significant difference between computation and experi-
ment in voltage stability for NASICON and chalcogenide SSEs
may arise from multiple reasons. First, there might be artifacts
in the experimental methods. Most previous CV tests have lim-
ited precision, as discussed above in Fig. 5d, so the weak (electro)-
chemical reactions may be ignored by either the instrumental
detection sensitivity or simply due to the relatively large scale
in the measurement and/or figure plot set by the researcher, lead-
ing to a report of wider voltage stability than the exact thermo-
dynamic prediction. Two approaches could address this issue:
one, by improving the detection sensitivity and the other, by
amplifying the signal of the weak reaction. Second, given the
limited electronic conductivity of the SSEs and finite contact
between the solid-state electrolyte and sodium anode, the elec-
trochemical reaction depending on the electron transfer may
not proceed completely. Mixing the SSEs with electron conduc-
tors, such as carbon black, can significantly enhance the reaction
response rate and hence give a more precise electrochemical sta-
bility window. Third, most computations did not consider the
mechano-electrochemical interactions that can widen the volt-
age stability window for solid-state electrolytes [115]. The effect
is predicted to be prominent for electrolytes with high reaction
strains, like chalcogenide families [116,232]. For example, the
standard thermodynamic voltage window for Li10GeP2S12 and
Li-Si-P-S electrolytes of 1.7–2.1 V was predicted to be widened
by such effect to around 1–4 V. Similar effect may exist for Na
chalcogenides.

Sodium wettability
Sodium wettability can be reflected by interfacial resistivity.
Interfacial resistivity is the occurrence of a finite value of resis-
tance at the interface between the solid-state electrolyte and
sodium, as a result of occurrence of decomposition products
from chemical reactions or the improper contact between the
phases involved. This influences the specific capacity and cyclic
performance of solid-state batteries [159]. Interpreting from the
previous sections, the interfacial resistances are predominantly
affected by the lack of proper contact in the case of oxides and
hydrides, whereas chalcogenides are affected by their high reac-
tivity. In addition to the low interfacial resistance (120 X)
between b-alumina and sodium metal, b-alumina was found to
be fairly stable against sodium as there was no significant degra-
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FIGURE 7

(a) Predicted electrochemical stability window of solid-state electrolytes (top). Predicted phase equilibria (middle) and Na uptake per formula unit (bottom) of
Na3PS4 vs voltage (V). Reproduced from Ref. [230] with permission, Copyright 2018, American Chemical Society. (b) Calculated electrochemical stability windows
of sodium-based solid-state electrolyte candidates. Reproduced from Ref. [159] with permission, Copyright 2019, Royal Society of Chemistry.
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dation over time [105]. On the contrary, NASICON has a large
interfacial resistance of 524 X cm2 which restricts its practical
applications [224]. However, heat treatment can improve the sur-
face wettability of sodium metal on solid-state electrolytes. Zhou
et al. [233] found that after heat treatment of NASICON and
sodium at 175 and 380 �C, the interfacial resistance was lowered
from 4000 to 400 X cm2, which was attributed to the improved
wettability between NASICON and sodium. Meanwhile, Matios
et al. [224] grew a regulated graphene-like layer onto NASICON
to decrease the interfacial resistance from 524 to 46 X cm2. This
indicates that the layer greatly facilitates Na+ conduction across
the NASICON/Na interface. Chalcogenide SSEs have small inter-
facial resistance at the first contact with sodium. But they are
very feasible to decomposition to form an MCI, and as a conse-
quence, the interfacial resistance gradually increases with time.
For example, Wenzel et al. observed that the initial interfacial
resistance of Na3PS4 with sodium increased from 60 X to almost
120 X over a period of only 12 h [105]. Similar occurrence was
also observed in the case of Na3SbS4, where a large increase in
the interfacial resistance from 40 X cm2 to 1000 X cm2 happened
over a period of 50 h [176]. Moreover, it was found that in the
case of complex hydrides, they possess a low interfacial resis-
tance of about 50 X, which may remain stable over a long period
given the better stability of hydrides against sodium metal [201].
However, unfortunately, there is a dearth of data analyzing the
interfacial resistance for perovskite and antiperovskite SSEs to
compare with other solid-state electrolyte counterparts.

Grain boundary effect is another important factor that affects
the solid-state electrolyte’s performance. In annealed polycrys-
talline materials, grain boundaries have a crucial impact on ion
transfer. Grain boundary effects are controlled by several param-
eters, including grain size, grain boundary connectivity, activa-
tion energy and excess free volume [234]. Owing to high
mechanical strength and strenuous processing conditions of
oxide-based solid-state electrolytes, the effect of grain boundaries
on the ion migration is very significant. As a result, the grain
boundaries in oxides exhibit larger resistance to migration of
ions along the electrolyte and adversely affect the bulk ionic con-
duction in the material. In addition to high resistivity, the grain
boundaries are most vulnerable to the propagation of dendrites
in the electrolyte that could derail the performance of the cell
[235].

Remedies to address interfacial instability
Solutions to solve the interfacial issues could be divided into two
main parts: physical and chemical methods. Physical methods
refer majorly to high temperature methods such as hot pressing
[236–239]. Hot pressing not only improves the densification of
the pellet to enhance ionic conductivity, but also thins down
the grain boundaries, reducing its interfacial resistance. However,
physical methods are more tedious in nature to be applied on a
large scale, which calls for more focus on chemical methods that
constitute processes such as composition tuning and artificial
SEIs. The following section details solely on the various chemical
methods that have been studied so far in improving interfacial
properties between the inorganic solid-state electrolyte and the
sodium metal anode.

Compositional tuning
Tuning the composition of SSEs by doping or substitution can
increase the ionic conductivity of SSEs in addition to addressing
certain aspects of the interfacial instability. Halogens are effective
dopants for SSEs, especially for chalcogen-based SSEs. Huang and
co-workers [240] found that the ionic conductivity of Br-doped
213
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t-Na3PS4 is predicted to be 2.37 mS cm�1 via AIMD simulations,
while the undoped t-Na3PS4 remains to be about 0.01 mS cm�1.
Ong andMeng [175] presented a first-principles-guided discovery
that Cl-doped Na2.9375PS3.9375Cl0.0625 could exhibit a high ionic
conductivity of 1.14 mS cm�1 and enhanced electrochemical sta-
bility of 0–2.4 V.When it comes toNASICON, asmentioned in the
previous section, the Sc doped Na3.4Sc0.4Zr1.6(SiO4)2(PO4) has a
wider electrochemical stability window of 0.3–6 V, as compared
with 1.75–5 V for pure NASICON [213]. Meanwhile, no obvious
chemical reaction with sodium was observed by XPS for Sc doped
Na3.4Sc0.4Zr1.6(SiO4)2(PO4), which reflects high chemical stability
with sodium of the Sc doped NASICON [166]. This composition
of the NASICON electrolyte also exhibited fairly good cyclability
up to 100 cycles in a NaxCoO2/NASICON/Na full cell and could
withstand current densities of the order of 320 mA cm�2. However,
the economic feasibility for large-scale production should be eval-
uated due to the relatively high cost of scandium. Various metals
[211,215,222,241–244], metalloid elements
[187,206,220,240,245,246] or clusters [247] have also been
employed to improve electrolyte properties and improve their
respective stability against sodium metal.
Artificial SEIs
Compositional tuning technique modifies the chemical nature
and the crystal structure of the parent material, whereas the arti-
FIGURE 8

(a) A schematic diagram of poor wettability (above) and good wettability (below
NASICON/Na and Na/CPMEA/NASICON/CPMEA/Na symmetric cells at 65 �C. Rep
Society. (c) SEM image of the cross-section of the PIN-coated Na3Zr2Si2PO12 mem
CPEO coated (right) and uncoated (left) Na3SbS4 contact with sodium after sever
Na3SbS4/CPEO/Na symmetric cells (below) at the current density of 0.1 mA cm
Chemical Society.
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ficial SEI techniques are more extrinsic in nature. A SEI is defined
as the layer forming between the liquid electrolyte and the elec-
trode that conducts ions but not electrons. Low electronic con-
ductivity still has non-negligible influence on the dendrite
growth within the solid-state electrolytes. Hence, we need to
construct an electronic insulation layer to cut off the electron
transfer from the electron conductive electrode to the solid-
state electrolyte to prevent continuous interface decomposition
[101,248,249]. Constructing artificial SEIs is a viable way to with-
stand electron transfer between the interface of the electrode and
the solid-state electrolyte [249,250].

Polymers are proven electron blocking interlayers. Framing a
hybrid polymer layer between the electrode and inorganic
solid-state electrolyte is an effective mean to block electron trans-
fer. In addition, polymers can also enhance the wettability of
SSEs to the sodiummetal resulting in a more uniform current dis-
tribution and can prevent dendrite growth at high current den-
sity regions. The illustrations of the mechanism are shown in
Fig. 8a. Zhou et al. [233] introduced in-situ formed interfacial
interlayer – a dry polymer film formed by cross-linked poly(ethy-
lene glycol) methyl ether acrylate (CPMEA) to improve the wet-
tability of sodium on NASICON. The polymer film gives a
uniform Na+ flux across the interface, dramatically lowering
the interface resistance from 4000 to 1000 X (Fig. 8b). The sym-
metric Na/CPMEA/NASICON/CPMEA/Na cell showed a stable
) of sodium and solid-state electrolyte during Na plating. (b) EIS plots of Na/
roduced from Ref. [233] with permission, Copyright 2017, American Chemical
brane. Reproduced from Ref. [251] with permission, Copyright 2019, Elsevier. (d)
al hours (above), the sodium plating and stripping performance of Na/CPEO/
�2. Reproduced from Ref. [252] with permission, Copyright 2019, American
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voltage profile for up to 380 h under a continuous current den-
sity of 0.20 mA cm�2 at 65 �C. This indicates that undesirable
sodium dendrites are successfully suppressed, in addition to
exhibiting a high coulombic efficiency over several cycles.

Furthermore, the same solution was also used for the case of
lithium aluminum titanium phosphate (LATP) [253]. Yu et al.
[251] put forward the idea of coating a layer of a polymer with
intrinsic nanoporosity (PIN) membrane onto Na3Zr2Si2PO12.
The SEM image, shown in Fig. 8c, shows a tight contact between
PIN and NASICON. The PIN layer greatly improves the ionic
interfacial properties between sodium and Na3Zr2Si2PO12. This
is clear since the sodium-sulfur Na||Na3Zr2Si2PO12||CNF/S cell
exhibits a much higher impedance than the Na||PIN-
Na3Zr2Si2PO12||CNF/S cell, before and after cycling. The latter
even exhibited better cycle performance than liquid electrolyte
batteries due to the inhibition of polysulfide migration from
the cathode. Hu et al. [252] proposed a cellulose–poly(ethylene
oxide) (CPEO) interlayer to stabilize the interface between sulfide
electrolyte Na3SbS4 and sodium, as shown in Fig. 8d. The pristine
Na3SbS4 pellet was reduced by sodium with macroscopic changes
on the surface after 160 h. However, the CPEO-protected pellet
exhibited excellent stability against sodium until 800 h. The
all-solid-state devices could achieve stable Na stripping/plating
for 800 cycles at 0.1 mA cm�2 at 60 �C. In the case of b’-
alumina, interestingly, the removal of surface hydroxy groups
and carbon contamination by subjecting the ceramics to heat
treatment at 1600 �C in the presence of argon atmosphere
helped drastically reduce the internal resistance to 8 X cm�2 from
several hundred X cm�2. This facile technique has also led to an
increase in the critical current density of the order of 12 mA cm�2

for a total transferred charge density of 0.25 mAh cm�2 per half
cycle from 0.3 mA cm�2 [254].

Since limited research has been done on artificial SEIs for
sodium-based solid-state electrolyte systems, one could take
some inspiration from SEIs fabricated for lithium-based counter-
parts. Wang et al. [255] presented a plastic crystal electrolyte–suc-
cinonitrile (SN)-based electrolyte with good thermal stability and
non-flammability. It shows great promise as a safe electrolyte and
demonstrated that the significant interfacial reactions between
sulfide-based SSEs and Li metal could be suppressed. Zhou et al.
[256] fabricated PEO–poly aluminum sulfate (PAS) electrolyte
membrane as the polymer–ceramic single-ion-conducting solid-
state electrolyte (PCSSE) coating on the ceramic LLZTO pellet.
This demonstrated good adhesion to the ceramic electrolyte
and lithium metal for a homogenous interface. It also isolated
direct contact between the lithium-metal anode and the grain
boundaries of LLZTO pellet. Chi et al. [257] came up with intro-
ducing a solid polymer electrolyte (SPE) soft interface layer
deposited on garnet LLZTO electrolyte. The SPE could endow
connected interface between the electrolyte and electrodes set-
tling the interface contact issue. SPE serving as the electron insu-
lator is a kind of user-friendly sandwich material to ameliorate
the interface instability.

Sodium alloying
Sodium alloying is another way to improve the intrinsic safety,
reduce dendrite formation and passivate the surface layer. This
not only provides the high capacity but also avoids the low elec-
trochemical potential of sodium metal, especially for chalco-
genide electrolytes [258,259]. A US patent presented a sodium
battery which reports on a cell constituting a solid-state elec-
trolyte and an engineered metallization layer that distributes
sodium across the surface of the electrolyte could enhance the
performance, efficiency, and capacity at intermediate tempera-
tures (below or about 200 �C). This metallization layer of materi-
als (with a thickness below five microns) include Pt, Au, Ag, Ni,
Cu, Sn, Pb and their alloys [260]. It is known that the wettability
of sodium b00-Al2O3 and sodium is not that good, sodium b00-
Al2O3 single cells need to operate at high temperature of 300–
350 �C. Lu et al. [261] reported a Na–Cs alloying strategy to mark-
edly improve the wettability of sodium b00-Al2O3 at low tempera-
tures. The Na–S single cell with Na–Cs as the anode presented
huge improvement in cycle life at 150 and 175 �C over pristine
sodium as the anode. Furthermore, even at temperatures as low
as 95 �C, the cell still exhibited good electrochemical perfor-
mances with a high capacity of 330 mAh g�1. This in turn could
avoid the intrinsic safety issues associated with high tempera-
tures for battery operation. Hayashi et al. [173] applied Na–Sn
alloy as the anode to fabricate Na–Sn/Na3PS4 glass–ceramic/TiS2
cells, which showed a reversible capacity of about 90 mAh g�1

for 10 cycles with no obvious capacity fade. Chevrier and co-
workers [82] investigated the Na–Sn alloy and observed that
the electrochemical sodiation of Sn could uptake 3.75 Na’s per
Sn, suggesting that Na15Sn4 alloy is a potential anode for sodium
batteries.

There are still other solutions to improve interfacial proper-
ties. For sodium b-alumina, the best way to optimize the interfa-
cial issue is to melt the sodium metal and operate the battery at
high temperatures [262]. For the solid-state electrolyte itself, Fitz-
hugh et al. andWu et al. [116,232] proposed a structure design of
SSEs with core–shell structures that is another advanced strategy
for the next generation sulfide-based all-solid-state batteries. By
controlling synthesis parameters, the consequent core–shell
microstructure for Li-Si-P-S and Li-Ge-P-S sulfide electrolytes
results in a stability window from 0.7 to 3.1 � 4.0 V, with an
amorphous shell of high Si composition to provide the
materials-level mechanical constriction, which is much larger
than the previously predicted one of 1.7–2.1 V. These days, com-
putational methods have gained more attention and a high-
throughput search for materials with specific demands in the
database saves both time and labor. Fitzhugh et al. [263] put for-
ward a high-throughput search for functionally stable interface
coating materials for Li10SiP2S12 (LSPS) in a widened voltage win-
dow by assuming that proper mechanical constrictions to the
bulk had been applied [232], where valuable coating materials
for both cathode and anode sides were predicted. Such high-
throughput search methods will also speed up the design of
the next generation sodium based solid-state batteries with supe-
rior interfacial properties.
Closing remarks
To conclude, we have highlighted different types of interfaces
that form during the electrochemical interaction between
sodium-based inorganic solid-state electrolytes and sodium
metal, and further addressed the key issues that affect the perfor-
215
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mance of an all-solid-state sodium metal battery. The chemical
stability of the interface, the mechanical stability of the elec-
trolyte, the ionic and electronic conductivities of the electrolyte,
and the interfacial resistance based on the wettability of the elec-
trolytes are some of the most important aspects covered in this
review.

By categorizing the electrolytes based on their compositions,
major causes for interfacial and electrolyte instabilities have been
accounted for. The chemical instabilities against sodium metal
and the low mechanical strength have hampered the progress
in the application of highly conductive chalcogenide materials.
The generally poor air-stability to generate hazardous substances,
such as hydrogen sulfide, also needs to be addressed for practical
applications. Complex hydrides, on the other hand, were found
to be highly stable against sodium metal but their mechanical
strength needs improvement to be used efficiently in an all-
solid-state battery. The lack of detailed studies on perovskites
and anti-perovskites leaves the door wide open for researchers
to explore. At present, it remains that sodium b-alumina could
be the most amicable option as a solid-state electrolyte for its
excellent ionic conductivity, chemical stability against sodium
metal, good mechanical properties and negligible electronic con-
ductivity. However, much effort needs to be made to ameliorate
the strenuous processing conditions that negate its practical effi-
ciency without compromising other properties. Furthermore, Na
metal is even softer than Li, with a number of electrolyte materi-
als showing absolute thermodynamic stability against Na metal
(such as phosphates, borates and silicates), making them more
likely to achieve chemical/mechanical stability at the Na/elec-
trolyte interface compared with the lithium counterparts.

The future of all-solid-state sodium metal-based batteries falls
on mainly three facets of research and development. The first is
to discover new materials exhibiting high ionic conductivity and
still satisfying other various properties mentioned before.
Although far-fetched, there are still various avenues, e.g., with
the support of high-throughput computational techniques, one
could venture to identify new structures and chemistries that
possess superior properties. The second is to further understand
and unravel the fundamental mechanisms of interfacial reac-
tions and ionic conduction across the interface with specifically
designed in-situ experiments and sophisticated instruments.
Understanding the physical and chemical aspects of the sodium
metal–solid electrolyte interface would also allow researchers to
recognize the underlying chemo-mechanical effects and critical
current densities that could otherwise hamper cyclability of all-
solid-state sodium metal-based batteries. The insights obtained
from these studies will also be very helpful when addressing
the third facet, which is to find alternative ways to address speci-
fic issues with the electrolytes and eradicate their undesirable
properties without adversely affecting their inherent properties.
To do that, interface engineering and suitable coating materials
are the two mainstream directions that one could investigate.
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