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A B S T R A C T   

Electrochemical energy storage is a cost-effective, sustainable method for storing and delivering energy gener
ated from renewable resources. Among electrochemical energy storage devices, the lithium-ion battery (LIB) has 
dominated due to its high energy and power density. The success of LIBs has generated increased interest in 
sodium-ion battery (NaB) technology amid concerns of the sustainability and cost of lithium resources. In recent 
years, numerous studies have shown that sodium-ion solid-state electrolytes (NaSEs) have considerable potential 
to enable new cell chemistries that can deliver superior electrochemical performance to liquid-electrolyte-based 
NaBs. However, their commercial implementation is hindered by slow ionic transport at ambient and chemical/ 
mechanical incompatibility at interfaces. In this review, various NaSEs are first characterized based on individual 
crystal structures and ionic conduction mechanisms. Subsequently, selected methods of modifying interfaces in 
sodium solid-state batteries (NaSSBs) are covered, including anode wetting, ionic liquid (IL) addition, and 
composite polymer electrolytes (CPEs). Finally, examples are provided of how these techniques improve cycle 
life and rate performance of different cathode materials including sulfur, oxide, hexacyanoferrate, and 
phosphate-type. A focus on interfacial modification and optimization is crucial for realizing next-generation 
batteries. Thus, the novel methods reviewed here could pave the way toward a NaSSB capable of with
standing the high current and cycle life demands of future applications.   

1. Introduction 

Advanced electrochemical energy storage systems offer great 
promise for storing electrical energy on a large scale for multiple ap
plications, ranging from wind and solar farm energy storage to portable 
electronics and electric vehicles. [1,2] Among them, lithium-ion batte
ries (LIBs) have dominated the consumer electronics market since 
commercialization in the 1990s, offering high energy densities and long 
cycle lives. [3,4] However, the repeated, sometimes catastrophic, failure 
of LIBs — arising from degradative failure of currently used liquid 
electrolyte systems and/or short circuiting via dendrite growth during 
cycling — suggests the need for new battery systems. [5] Another 
important factor is the growing cost of recovering lithium from limited 
mineral resources. This provides additional motivation to develop 
alternative battery technologies using more abundant materials. [6]. 

Sodium-ion batteries (NaBs) are an attractive substitute for LIBs. 
Although Li is the most electropositive element and has a small ionic 
radius (−3.04 V vs. a standard hydrogen electrode, r = 0.59 Å), Na is 
also highly electropositive (−2.71 V, r = 1.02 Å). Intensively studied 

sodium-sulfur (Na-S) [7] and sodium-nickel chloride (Na-NiCl2) [8] 
batteries have been used commercially for some 30 years for energy 
storage at remote sites. 

As projected in Fig. 1a, altering cell chemistries results in different 
energy storage capacities (ESP), assuming that all the resources are used 
to produce batteries only. The brackets show the element that limits cell 
production due to resource constraints. The requirements to supply 
world daily electricity and 1 billion EVs with an energy capability of 40 
kWh each are indicated by the vertical lines. In the long run, LIB tech
nology might not meet the demand for stationary storage and electric 
mobility as a result of limited resource availability (mainly Co). How
ever, it is clear that some elements (Fe, Mn, Na, S, and C) are not criti
cally limited, making them very attractive alternatives. [9]. 

The problem of material availability in LIBs is not limited to Co. The 
non-uniform distribution of Li metal in Earth’s crust, as well as the 
expensive extraction and refining techniques required to recover it in 
pure forms, have led some to dub Li the “new gold”. [10] Demand for Li 
resources is also expected to increase to meet future energy needs, which 
will be accompanied by cost increases. 

Despite their lower energy densities, the fact that Na can easily be 
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recovered from seawater suggests that NaBs could be a sustainable 
alternative to LIBs with decreased raw materials costs. [11] However, 
conventional NaBs also use organic liquid electrolytes and suffer prob
lems similar to current LIBs. [12,13] Thus, low thermal stability, flam
mability, a limited electrochemical window, and electrolyte leakage 
hinder their large-scale use due to safety concerns similar to those 
associated with LIBs. [14,15]. 

Solid electrolytes are a compelling solution for alleviating many of 
these problems. Sodium solid-state batteries (NaSSBs) are thus potential 
candidates to complement LIBs to fulfill future energy storage needs. 
Plus, they will allow use of sodium metal anodes and therefore could 
offer high energy and power densities. [16] NaSSB performance can 
therefore be expected to depend highly on the performance of the 
solid-state electrolyte. 

For example, cell thermodynamic stability is governed directly by 
the electrochemical stability window of the electrolyte, [17] which 
significantly influences electrochemical performance and battery life. 
[18] The development of state-of-the-art (SOTA) NaSSBs mandates 
solid-state electrolytes with enhanced ionic conductivities, superior 
electrochemical and thermal stabilities, and wide electrochemical 
operating windows. [19]. 

Although superionic conductivity (> 10-3 S cm-1) at ambient tem
perature has been realized for sodium-ion solid-state electrolytes 
(NaSEs), there are other issues that must be improved further before 
realizing a battery with high coulombic efficiency (CE) and long cycle 
life that can also withstand the current densities necessary for practical 
applications. These problems include the chemical compatibility of 
electrodes with electrolytes, charge transfer rates at interfaces, unstable 

Nomenclature 

(AM) 18 active material. 
(BL) 21 buffer layer. 
(CNF) 23 carbon nanofiber. 
(CPE) 12 composite polymer electrolyte. 
(CC) 18 conductive carbon. 
(CE) 5 coulombic efficiency. 
(CCD) 15 critical current density. 
(ESP) 3 energy storage capacity. 
(GPE) 12 gel polymer electrolyte. 
(HV) 17 high voltage. 
(IL) 21 ionic liquid. 
(LAT) 17 lead acetate trihydrate. 
(LIB) 3 lithium-ion battery. 
(NZMSP) 26 Mg-doped NASICON. 
(tNa+) 12 Na transfer number. 
(NMTO) 29 Na0.44Mn0.67Ti0.33O2. 

(β-Al2O3) 7 Na2O.11Al2O3. 
(β”-Al2O3) 7 Na2O.5Al2O3. 
(NVP) 20 Na3V2(PO4)3. 
(NVZP) 19 Na3−xV2−xZrx(PO4)3. 
(NZSP) 26 Na3Zr2Si2PO12. 
(NBH) 36 Na4(B12H12)(B10H10). 
(PIN) 23 nanoporous polymer. 
(NaTFSI) 26 Na(CF3SO2)2N. 
(PEO) 13 polyethylene oxide. 
(NaSSB) 4 sodium solid-state battery. 
(NASICON) 8 sodium superionic conductor. 
(NaB) 3 sodium-ion battery. 
(NaSE) 5 sodium-ion solid-state electrolyte. 
(SE) 18 solid electrolyte. 
(SEI) 15 solid electrolyte interface. 
(SPE) 12 solid polymer electrolyte. 
(SOTA) 5 state-of-the-art. 
(SN) 36 succinonitrile.  

Fig. 1. (a) Reported energy storage potential for various battery chemistries. The limiting element due to resource constraints is listed in brackets. ESP values that are 
beyond the limit of the Figure are indicated by a star. (b) Sketch of conventional LIB cell with graphite anode and LiCoO2 cathode. The working principle is the same 
for NaBs and LIBs but NaBs have an increased mobile ion size. 
(b) Reprinted with permission from Nayak et al. [9]. Copyright 2018 Wiley. 
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mechanical contacts at interfaces, and the chemical or volumetric 
changes that occur coincident with Na+ (de)intercalation. 

Numerous reviews have summarized the development, synthesis, 
and electrochemical properties of various NaSEs. Detailed, compre
hensive reviews of NaSE performance in this context can be found 
elsewhere. [16,19–29] The focus of this review is to consolidate 
fundamental electrochemical properties of NaSEs with their resulting 
performance in symmetric-, half-, and full-cells. Additionally, this paper 
provides a thorough review of recent publications that demonstrate 
novelty in improving interfacial performance in NaSSBs. 

We review here the various types of NaSEs classified based on their 
ionic conduction mechanisms and crystal structures. The electro
chemical performance and properties of key NaSEs are discussed. In 
addition, methods for improving the chemical, electrical, and mechan
ical stability of NaSSB interfaces are assessed: including anode wetting, 
solution processing, and co-sintering. The stability of electrode/elec
trolyte pairs based on design principles and strategies, along with 
mechanisms to improve interfacial contact, are summarized. These 
methods are further analyzed in the context of cathodes and catholytes. 
Finally, we propose future research directions and address key chal
lenges that must be overcome for successful commercial implementation 
of NaSSBs. 

2. Transport mechanisms in NaSEs 

The optimization and design of superior Na+ conducting materials 
must rely on a fundamental knowledge of ionic transport mechanisms in 
inorganic and polymer electrolytes. This is the first focus of this review. 

2.1. Mechanisms of Na+ transport in inorganic NaSEs 

Battery designs targeting NaSEs that function in demanding appli
cations favor the use of inorganic materials, [30,31] as they are expected 
to offer good chemical, thermal, mechanical and electrochemical sta
bilities. Such NaSEs must also offer high ionic conductivity and low 
electronic conductivity. As a general rule, inorganic NaSEs provide 
mobile Na+ ions residing in locally symmetrical structures. [32] Their 

ionic conduction mechanism(s) depend primarily on defect type
s/concentrations, numbers of mobile ions, and energy barrier(s) to 
diffusion. [32,33]. 

In point defect diffusion mechanisms, Na+ ions hop from one site to 
an adjacent one within a locally crystalline framework, wherein diffu
sion rates are controlled by the availability of vacancy/interstitial sites 
(Fig. 2a). [34] Systems that function via vacancy mechanisms (Fig. 2b), 
must offer small ion-hopping lattice strains, thereby reducing activation 
energy barriers. 

Transport mechanisms depending on point defects can only be 
effective with control of vacancy concentrations, distance between 
adjacent vacancy sites, and the electrostatic environment along the 
diffusion trajectory. [12]. 

Interstitial diffusion mechanisms (Fig. 2c) allow Na+ ions to move 
either directly to available interstitial sites, or via a “knock-off mecha
nism,” (Fig. 2d) wherein they repel a neighboring ion and simulta
neously cause it to migrate to an adjacent interstitial site. Fig. 2e 
demonstrates direct exchange and ring mechanisms. 

2.1.1. Oxide-based NaSEs 
In the 1970 s, fields such as solid-state science and electrochemistry 

received increased attention following the discovery of ion-conducting 
properties in selected solid structures. [35–38] The beta alumina 
structure was considered a promising ionic conductor as early as 1967 
due to its low electronic conductivity. [31] Indeed, commercially viable 
Na/S and Na/NiCl2 ZEBRA batteries are a direct result of this early in
terest. [7] Unfortunately, operating conditions for beta alumina systems 
mandate elevated temperatures (>300 ºC) to ensure optimal ionic con
ductivity, which limits battery energy densities due to encapsulation 
requirements and increased electrolyte thicknesses. [39]. 

There are two beta alumina polymorphs: β-Al2O3 and β”-Al2O3. 
β-Al2O3 has a hexagonal structure with P63/mmc symmetry, [31] 
whereas β”-Al2O3 has a rhombohedral structure with R3m symmetry. 
The main differences are the chemical stoichiometry and stacking se
quences of oxygen ions across the conduction plane. β-Al2O3 
(Na2O.11Al2O3) is a layered structure with alternate spinel-structured 
alumina blocks and conduction planes as shown in Fig. 3a, while the 

Fig. 2. Schematic of common point defects (a) and ion migration mechanisms in crystalline solids via (b) vacancy, (c) direct interstitial, (d) knock-off, and (e) direct 
exchange and ring. [34]. 
(a) Reproduced/Adapted from ref. [34] with permission from the Royal Society of Chemistry, Copyright 2020. 
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two conducting layers of β”-Al2O3 (Na2O.5Al2O3) are separated by three 
spinel blocks. [40]. 

β”-Al2O3 has been the subject of multiple studies prompted by its 
higher ionic conductivity than β-Al2O3 (Table 1). [31,41,42] This higher 
ionic conductivity is attributed to the high Na+ concentration in the 
conduction plane. Compared to polycrystalline materials, single crystal 
β”-Al2O3 offers four times higher ionic conductivity (1 S cm-1 at 300 ◦C). 
[31] Unfortunately, processing single crystals is not cost-effective at 

industrial scales. [12] Thus, numerous efforts have been made to opti
mize the conductivity of polycrystalline β”-Al2O3. In particular, the 
introduction of dopants (Li+, Mg2+, Mn4+, Ti4+) or addition of second
ary phases (Y2O3, ZrO2, TiO2) are reported to be effective methods of 
modifying the β”-Al2O3 structure by providing mechanical strength, 
reducing or preventing excessive grain growth, and improving Na+

conductivity. [31]. 
Processing pure β”-Al2O3 is still challenging due to coincident 

Fig. 3. Crystal structure of β-Al2O3 (a). Representation of the conduction pathway from Na1 to Na2; Na1 to Na3 in the NASICON structure (b). Polyhedral view of the 
T1, T2 bottlenecks from Na(1) to Na(2) (c) and From Na(1) to Na(3). 
(d) Reprinted (adapted) with permission from Liu et al. [43] Copyright 2020 American Chemical Society. 

Table 1 
Reported ionic conductivities for several oxide-based NaSEs.  

Electrolyte Prototype Processing 
Method 

Sintering 
schedule 

σ (S cm-1) / 
Temp. (ºC) 

Activation Energy 
(kJ mol-1) 

Ref. 

β′ ′ − Al2O3 Y2O3 (0.5 wt%) Double zeta 
process/ 
BM/C 

1450ºC / 4 h 3.48 × 10-2 / 300 – 
[45] 

MgO (0.4 wt%) SR / BM 1500ºC / 2 h 0.137 / 300 25.6 [46] 
TiO2 (2 wt%) and ZrO2 (10 wt%) LF-FSP 1320ºC / 2 h 5.4 × 10-6 / 25 – [41] 

NASICON Ba0.05 SR / BM 1260ºC / 16 h 1.2 × 10-3 / 25 – [47] 
Ca0.05 SR / BM 1260ºC / 16 h 2.1 × 10-3 / 25 – 
Sr0.05 SR / BM 1260ºC / 16 h 1.8 × 10-3 / 25 – 
Mg0.05 SR / BM 1260ºC / 16 h 3.5 × 10-3 / 25 24.1 
La0.3 SR / BM 1225 ºC / 15 h 6.7 × 10-3 / 25 – [48] 
Y0.2 SR / BM 1225 ºC / 15 h 4.3 × 10-3 / 25 – 
Ca0.1 SG 1250 ºC / 5 h 1.67 × 10-3 / 25 28.0 [49] 

C = calcination | BM = ball-milling | SR = solid-state reaction | SG = sol-gel | LF-FSP = liquid feed flame spray | NASICON = Na3+(2)xZr2−xMxSi2PO12 
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formation of β-Al2O3 and NaAlO2 secondary phases, which react readily 
with CO2 and H2O, reducing chemical stability at ambient. [41] The 
moisture-sensitive nature of β-Al2O3 affects both processing and storage 
considerations. [12] Furthermore, ionic conduction pathways within 
both β-Al2O3 and β”-Al2O3 are limited to 2-D as Na+ ion diffusion pro
ceeds only within the conduction planes, limiting their utility in NaSSBs. 

Goodenough et al. [37] first demonstrated Na+ conduction in the 
sodium superionic conductor (NASICON) family of compounds in 1976. 
Today, the NASICON structure is well recognized as a promising mate
rial for NaSEs, with a wide electrochemical window (0–5 V) and high 
ionic conductivity attributed to 3D Na+ diffusion paths (see Table 1). 
[12,41]. 

NASICON materials, with a general formula Na1+XM2Si3−XPO12 (0 <

x < 3), also present two polymorphs – rhombohedral and monoclinic – 
depending on the sodium content. [44] NASICON materials offer 3D 
ionic conductivity through interconnected tunnels constructed from 
mixtures of (Si/P)O4 tetrahedra and ZrO6 octahedra as shown in Fig. 3b. 
[43]. 

The monoclinic phase (1.8 < x < 2.2) is stable at ambient and 
transforms to the rhombohedral form above 150 ◦C. In Fig. 3b, Na sites 
Na1, Na2, and Na3 [43] denote the path(s) whereby Na+ hopping oc
curs. Diffusion is limited by bottleneck diameters (Fig. 3c-d), labeled as 
T1 with a smaller and T2 with a larger cross-section. While the highly 
symmetrical structure of rhombohedral NASICON offers a lower diffu
sion activation energy, [12] monoclinic NASICON facilitates better Na+

migration due to its larger bottleneck cross-section (Table 1). 
Numerous studies have shown that the electrochemical properties of 

the NASICON framework can be optimized by aliovalent doping of M or 
P/Si sites to enhance Na+ mobility (Fig. 3). [32] Zhang et al. [50] 
demonstrated that La3+ doped NASICON generates secondary phases 
(Na3LaPO4)2 that promote densification and improve the chemical 
composition at grain boundaries, improving bulk and grain boundary 
conductivities from 2.0 to 4.5 mS cm-1 for pristine vs. doped poly
crystalline analogs, respectively. 

Song et al. [47] reported that doping NASICON with Mg enlarges the 
bottleneck diameter, thereby lowering the activation energy and 
enhancing ionic conductivity. As the conductivity of polycrystalline 
material depends on both grain and grain boundary conductivities, 
significant efforts have targeted decreasing grain boundary resistance, 
lowering impurity concentration, and improving final densities. Table 1 
and Fig. 4a compare the total conductivities of different NASICON 
electrolytes synthesized via solid state reactions, sol-gel, or spray py
rolysis methods. 

The main limitations of oxide-based NaSEs arise from high imped
ance and unstable interfaces at ambient. [32,51] Studies have shown 
that Na metal dendrites often occur via uneven Na plating at the surface 
and grain boundaries of NASICON electrolytes, causing short-circuits. 
[52,53] Efforts to improve interfacial impedance are discussed in Sec
tion 3. 

The search for alternatives to oxide NaSEs led to efforts to develop 
sulfide-based electrolytes because sulfur is less electronegative than 
oxygen and thus binds Na+ less strongly, providing faster diffusion 
processes. 

Fig. 4. Conductivities of various (a) oxide, (b) sulfide and (c) polymer NaSEs. (d) schematics of ionic conduction mechanism within PEO polymer and alkali salt. 
(c)Reprinted from [12]. Copyright 2019, with permission from Elsevier 
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2.1.2. Sulfide-based NaSEs 
Unlike oxides, sulfide-based NaSEs form good interfacial contacts 

between electrolytes and electrodes attributed to their malleable nature. 
[19] In addition, sulfide-based NaSEs are accessible via low-temperature 
synthesis routes and can easily be cold-pressed onto electrodes, which 
minimizes production cost. [19]. 

Na3PS4 is the most often studied sulfide NaSE attributed to its high 
ambient ionic conductivity and wide electrochemical window. [54,55] 
Na3PS4 exhibits high ionic conductivity (2–4.6 ×10-4 S cm-1) with low 
activation energy (19–27 kJ mol-1) due to intimate contact between 
grains that decreases grain boundary resistance. [19,56,57] Na+ con
ductivity can also be enhanced by aliovalent substitutions. Thus, supe
rionic conductivity at ambient (10-3 S cm-1) is observed for tetragonal 
Na3SbS4. [58] Despite these advantages, Na3PS4 is incompatible with 
common electrodes, as described in Section 4.1. 

Sn-doped sulfide solid electrolytes have also been explored. [59,60] 
However, unit cell volumes were found to decrease with increasing Sn 
concentration in some systems as a result of electrostatic attraction. [61] 
This decreases the bottleneck size for Na+ diffusion, which also de
creases conductivity. Likewise, S can be replaced either partially or fully 
with dopants (Cl, Se). Replacement of S with Se, for instance, was found 
to increase Na3PS4 conductivity due to the higher polarizability of Se 
and a larger unit cell size. [62]. 

Table 2 and Fig. 4b list several relevant ionic conductivities of 
various sulfide-based NaSEs reported in the literature. For a description 
of the processing methods presented in Tables 1 and 2, please see Sup
porting Information Section S1. 

Sulfide-based NaSEs offer high ionic conductivities at ambient and 
facilitate intimate contact between the electrode and electrolyte; how
ever, they are moisture sensitive and have poor thermal stabilities, 
hindering their application on large scales. [12] In addition, reaction 
with humidity generates toxic H2S gas which complicates 
manufacturing and recycling efforts. Further studies to alleviate these 
challenges by either modifying the NaSE composition/structure, or by 
introducing surface coatings, are needed. This could broaden the se
lection of viable inorganic NaSEs capable of operating at ambient for use 
in commercial products. 

2.1.3. Complex hydride and halide electrolytes 
Orimo’s group first reported on complex hydride NaSEs in 2012. 

These complex hydrides (NaBH4, NaNH2, NaAlH4, and Na3AlH6) exhibit 
high ionic transfer numbers (tNa+ ~1). [66] However, the ambient ionic 
conductivities were only 2.1 × 10-10 and 6.4 × 10-7 S cm-1 for NaAlH4 
and Na3AlH6, respectively. In a subsequent study, Orimo’s group 
demonstrated a slightly higher ambient ionic conductivity (3 ×10-6 

S cm-1) by combining NaBH4 and NaNH2 at a molar ratio of 1:1, forming 
Na2(BH4)(NH2) with an antipervoskite-type structure. [67]. 

Complex hydrides with larger anions (i.e. Na2B12H12, Na2B10H10) 
demonstrate high ionic conductivity of 0.1 S cm-1 at 300 ◦C due to their 
cation-vacancy rich structure at elevated temperatures. [68] However, 

the phase transition-temperature is too high for most practical applica
tions. Numerous ongoing efforts seek to lower this temperature via 
anion modifications, crystallite disordering, and anion mixing. [69,70]. 

The full replacement of hydrogen by halogens NaMX (M= Zr, Y, Er; 
X = Cl, Br, I) paved the way for halide-based NaSEs with ionic con
ductivities similar to sulfides and stabilities comparable to oxides. [71, 
72] These compounds have received growing interest due to their high 
ambient ionic conductivity (1 mS cm-1) and large voltage stability 
(~4 V) owing to the halide anionic framework. [73] The fast-conducting 
diffusion pathway is enabled by the monovalent nature of halogens 
resulting in weaker interaction with Na+ ions. Although halide-based 
NaSEs have optimal electrochemical performance, they are typically 
moisture sensitive and have poor low potential stability. Hence, future 
work must address these challenges via surface modification, coating, 
and doping. 

2.2. Polymer electrolytes 

Solid polymer electrolytes offer several advantages over inorganic 
NaSEs such as enhanced resistance to variations in electrode volumes 
during cycling, excellent flexibility, and low-cost processing. [74,75] In 
addition, dendrite growth may be suppressed in solvent-free polymers 
under certain conditions. [76] Substantial efforts have targeted eluci
dation of ion transport mechanisms in polymer electrolytes. In this 
section, polymer-based electrolytes are divided into solid polymer 
electrolytes (SPEs), composite polymer electrolytes (CPEs), and gel 
polymer electrolytes (GPEs). 

2.2.1. Solid polymer electrolytes 
SPEs typically consist of sodium salts dissolved in polymer matrices. 

[77,78] Polyethers dissolve Na-salts by ether oxygen complexation of 
Na+ as found in LIB analogs. [79,80] Thus, polyethylene oxide (PEO)-
based SPEs have received considerable attention because of their supe
rior ability to solvate Na+; combined with segmental motion, this allows 
for rapid Na+ transport near their Tg of 65 ◦C. In addition, high purity 
PEO is commercially available with different molecular weights and at 
low cost. [76]. 

SPEs typically offer low ionic conductivities at ambient (10-7-10-6 S 
cm-1), which is a significant barrier to commercialization. [81] The ionic 
conduction mechanism is affected by two factors: one is the fraction of 
the amorphous material in the polymer matrix, and the other is Tg. It is 
generally accepted that Na+ transport (diffusion) occurs preferentially 
in amorphous regions of solid PEO. [76] Significant efforts to improve 
SPE ionic conductivities have focused on reducing crystallinity. [82,83] 
Such efforts include modifying the polymer matrix by copolymerization, 
crosslinking, blending, increasing salt concentrations, and immobilizing 
the anions as pendant groups. [76]. 

In general, SPEs are bi-ionic conductors; [76] that is, both the cations 
and anions are mobile, greatly reducing transference numbers (gener
ally < 0.5 due to electro-polarization from anion buildup). [76] 

Table 2 
Reported ionic conductivities for several sulfide-based NaSEs.  

Electrolyte Composition Processing 
Method 

σ (S cm-1) / 
Temp. (ºC) 

Activation 
Energy 
(kJ mol-1) 

Ref. 

NPS Na3PS4 SR / BM 4.6 × 10-4 / 25  19.0 [54] 
Na3P0.62As0.38S4 BM 1.46 × 10-3 / 25  24.7 [55] 

NSbS c-Na3SbS4 SR / BM 2.8 × 10-3 / 25  5.79 [63] 
Na3SbS4 SR 1.1 × 10-3 / 25  19.3 [58] 
Na3.02(Sb0.98Sn0.02)S4 AQ 2 × 10-4 / 25   [61] 

NMPS Na10GeP2S12 – 4.7 × 10-3 / 25  19.3 [64] 
Na10SnP2S12 BM 4 × 10-4 / 25  34.3 [59] 
Na11Sn2PS12 SR 3.7 × 10-3 / 25  37.3 [60] 

S substitution Na3PSe4 SR / BM 1.16 × 10-3 / 25  20.3 [62] 
Na2.9375PS3.9375Cl0.0625 SR 1.14 × 10-3 / 30  24.0 [65] 

BM = ball-milling | SR = solid-state reaction | AQ = aqueous solution | NPS = Na3PS4 | NSbS = Na3SbS4 | NMPS = Na(10+x)M(1+x)P(2−x)S12 

D.A. Edelman et al.                                                                                                                                                                                                                             



Materials Today Communications 32 (2022) 104009

7

Electro-polarization typically leads to a decrease in the overall electro
chemical performance due to high internal resistance, voltage losses, 
and dendritic growth. [84]. 

To minimize polarization and increase Na+ transference numbers, 
anion mobility must be reduced – either by anchoring the anions to the 
polymer backbone or adding chelating agents that preferentially bind 
anions. [76] Multiple attempts to improve the ionic conductivities of 
SPEs are reported in the literature through the addition of plasticizers, 
polymer blends, and ceramic fillers (TiO2, SiO2, and ZrO2). [75,85,86] 

All are designed to interfere with crystallization and thereby promote 
Na+ mobility. The introduction of solids is addressed separately below. 

2.2.2. Composite polymer electrolytes 
The addition of ion-conducting ceramic oxides to SPEs to form 

composite polymer electrolytes has been shown to increase ionic con
ductivity (Table 3). Ceramic fillers also act to increase the thermal and 
electrochemical stability of SPEs as well as Na+ transference numbers. 
[87] These fillers can be incorporated in SPEs in two ways: as ceramic 
particles mixed into a polymer matrix (ceramic filled polymer matrix, 
CFPM) or as a continuous ceramic framework filled with polymer 
(ceramic framework polymer filler, CFPF). [74] Table 3 lists selected 
CPE conductivities. 

The introduction of ceramic to a SPE increases ionic conductivity due 
to the addition of new ion migration channels along the surface and 
through the bulk of the ceramic. [92] In addition, the incorporation of 
ceramic particles breaks up local polymer crystallinity, allowing for 
increased chain percolation and faster ionic conduction. NASICON-type 
compounds are common active fillers in CPEs owing to their high ionic 
conductivity. [50,91] More broadly, oxide-type NaSEs are preferable for 
CPE fillers as opposed to sulfides due to their higher stability and lower 
moisture sensitivity. [93,94] Although polymer chain mobility is 
increased by these ceramics, most CPEs only offer reasonable ionic 
conductivities above room temperature or with added liquid electrolyte 
(Table 3). [75,94,95]. 

The current SOTA solid-state CPE has cross-linked β′′ − Al2O3 
nanowires and a poly (vinylidene fluoride-co-hexafluoropropylene) 
matrix with an ambient ionic conductivity of 0.7 mS cm-1. [92] Since 
ceramic fillers can improve thermal stabilities to ≈ 150 ºC, elevated 
operating temperatures are possible. [74] For these reasons, CPEs often 
demonstrate superior cycling stability in electrochemical cells than SPEs 
(see Section 4.3). 

Table 3 
Reported ionic conductivities for composite polymer electrolytes.  

Type SPE/salt Filler σ (S cm-1)/ 
Temp (ºC) 

Ref. 

SPE PCL-PTMC/NaFSI – 1.64 × 10-5 / 
25 

[88] 

CFPM PEO and PPC/NaN 
(SO2CF3)2 

Na3Zr2Si2PO12 1.2 × 10-4 / 
25 

[89] 

PEO/NaTFSI Na3.4Zr1.8Mg0.2Si2PO12 2.8 × 10-3 / 
80 
6.0 × 10-5 / 
30 

[75] 

PEO/NaFSI Na3.4Zr1.8Mg0.2Si2PO12 2.4 × 10-3 / 
80 
4.4 × 10-5 / 
25 

[74] 

PEO/NaCF3SO3 NaTi2(PO4)3 3.0 × 10-5 / 
40 

[90] 

CFPF PEO/NaClO4 Na3Zr2Si2PO12 2.1 × 10-5 / 
30 

[91] 

PVDF-HFP β′ ′ − Al2O3 7.13 × 10-4 / 
25 [92] 

PCL-PTMC = polyester-polycarbonate copolymer | NaFSI = sodium bis(fluo
rosulfonyl) imide | NaTFSI = Na(CF3SO2)2N | PEO = polyethylene oxide | PPC 
= polyester | PVDF-HFP = poly (vinylidene fluoride-co-hexafluoropropylene) | 
SPE = solid polymer electrolyte | CFPM = ceramic filled polymer matrix | CFPF 
= ceramic framework polymer filler 

Fig. 5. Examples of Na metal wetting onto NASICON electrolyte pellet at (a) 175 ºC and (b) 380 ºC. (c) Potential response of Na/Na- β′′ − Al2O3/Na cell undergoing 
CCD measurement at 5 mA cm-2. (d) CCD as a function of interfacial resistance for Na/Na- β′′ − Al2O3/Na cell. (e) Interfacial resistance as a function of heat 
treatment for Na/Na- β′ ′ − Al2O3/Na symmetric cell. (f) Temperature vs. wetting angle for Na metal onto a β′ ′ − Al2O3 pellet with various surface treatment 
temperatures. (a), (b) Reprinted with permission from https://pubs.acs.org/doi/10.1021/acscentsci.6b00321. 
(a), (b) Reprinted with permission from [103] https://pubs.acs.org/doi/10.1021/acscentsci.6b00321. Copyright 2017 American Chemical Society. Further per
missions related to the material excerpted should be directed to the ACS. (c)-(e) Reprinted with permission from Bay et al. [105]. Cop-yright 2020 Wiley. (f) 
Reproduced/Adapted from ref. [104] with permission from the Royal Society of Chemistry, Copyright 2018.104. 
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2.2.3. Gel polymer electrolytes 
The main limitation of SPEs is poor ionic conductivities at room 

temperature (generally <10-4 S cm-1), which limits their practical utility. 
As a result, GPEs were developed as intermediates between commonly 
used liquid electrolytes and SPEs. [96] GPEs are processed by intro
ducing a liquid plasticizer and/or solvent into a polymer-salt system. 
The transport of Na+ ions in GPEs is not dominated by polymer chain 
segmental motion, but rather occurs in the liquid phase regions of the 
swollen gel. [97]. 

The polymer membrane pore structures and the properties of trapped 
liquid electrolytes are key components in determining GPE ionic con
ductivities. [76,98] Some GPE properties required for practical appli
cations include good mechanical strength, capacity to imbibe liquid 
electrolyte, high ionic conductivity, reasonable transference numbers 
and wide electrochemical stability. [76,99]. 

3. Methods for improving interfacial properties of NaSEs 

Optimization of NaSE/electrode interfaces is crucial to fabricating 
safe and long-lasting NaSSBs (> 1000 cycles). Interfacial interactions 
critically control cell cycle life and rate performance: chemical reactions 
at interfaces can degrade crystalline structures, increase impedance, and 
shorten cycle life. [100] In addition, unstable solid electrolyte interfaces 
(SEIs) that form as a result of continued, unwanted side reactions lead to 
capacity degradation. [101] Volume changes on intercalation of Na+

can also occur, causing mechanical stresses leading to cracking and 
delamination. [93,102]. 

Reflecting on these issues, a desirable interface should: (1) allow fast 
ionic diffusion, but only with a stable SEI; (2) suppress dendrite growth 
and penetration into the NaSE; (3) be chemically and (4) mechanically 
compatible. Such properties require interfacial engineering methods, as 
detailed in the following sections. The primary focus of this section is 
oxide-type solid electrolytes, which are generally the most rigid and 
brittle and can therefore benefit the most from interfacial modifications. 
Moreover, formation of interfaces in NaSSBs with sulfide solid electro
lytes is relatively easier due to their ability to be cold pressed onto the 
electrode. 

3.1. Electrode wetting 

Wetting is used to increase contact area between the electrode and 
electrolyte. The mechanism of increasing the contact area enables 
maximized ionic diffusion pathways to lower interfacial impedance. 
Such an increase in contact area also promotes even Na+ flux across the 
interface, which is further described below. 

3.1.1. Anode wetting 
One critical requirement of next-generation batteries is fast charging 

for high-energy- and high-power-density applications. The reversible 
stripping and plating of alkali metals at high current densities (>
10 mA cm−2) at ambient is a desirable target to enable fast charging. 
Studies show that critical current density (CCD)–the maximum endur
able current density for a reversible NaSSB without failure–is correlated 
to interfacial resistance between the solid electrolyte and anode. [18]. 

Anode wetting involves uniformly coating molten Na (Tm = 98 ºC) 
onto an electrolyte surface. If done properly, this can provide an even 
Na+ flux across the interface, thereby limiting dendrite formation and 
propagation. Different heat and surface treatments have been explored 
targeting uniform anode coatings [103,104] as shown in Fig. 5a-b. 

Uniform wetting both prevents dendritic growth and lowers inter
facial resistance. Zhou et al. [103] studied the effects of Na wetting 
conditions in Na/NASCION/Na symmetric cells, finding the resistance of 
properly wet cells to be an order of magnitude lower than those with 
poorly wet interfaces. Additionally, Bay et al. found that heat treating 
β′′ − Al2O3 pellets prior to applying Na metal can lead to stable potential 
responses in CCD measurements as high as 5 mA cm-2 (see Fig. 5c). 
[105] This is likely due to the elimination of surface hydroxyls and 
carbonates, decreasing impedance. Na/β′′ − Al2O3/Na symmetric cells 
withstood high CCDs at room temperature, ≤ 10 mA cm-2, enabled by 
reducing interfacial resistance from 20 kΩ cm2 (no heat treatment) to 
10 Ω cm2 (heating at 900 ºC) in Fig. 5d-e. [105]. 

In addition to heat treatments, Chang et al. [104] demonstrated that 
chemical modification of the electrolyte surface can decrease the Na 
metal wetting angle. In this study, the surface of a β′′ − Al2O3 electrolyte 
was treated with lead acetate trihydrate (LAT) at various temperatures. 
It was found that treatment at 400 ºC decreases the wetting angle 
compared to other samples tested, seen in Fig. 5f. 

Microscopic examination of the surface of the LAT-400 ºC reveals the 
presence of micron-sized spherical particles of lead on the β′′ − Al2O3 
electrolyte that were not present in any of the other formulations. These 
spherical particles roughen the β′′ − Al2O3 surface, which may account 
for its increased wettability. [104] In short- and long-term cycling tests, 
LAT-400 ºC coated surfaces maintain stable capacities (~150 mAh g-1 

for the first 10 cycles) and a high CE (100% ± 0.05%) over the first 80 
cycles. Unfortunately, lead is highly toxic, and seems unlikely to be 
useful for anode wetting on a large scale. 

3.1.2. Cathode wetting 
Analogous to LIBs, cathode/electrolyte interfaces in Na-based bat

teries can be a major source of performance degradation and eventual 
failure. It is well understood for LIBs that at high voltages, most 

Fig. 6. Comparison of SEM micrographs for mixed cathode (a) and solution-processed cathode (b), showing micron sized cracking (red) for mixed cathode. 
(a) Reproduced/Adapted from ref. [108] with permission from the Royal Society of Chemistry, Copyright 2017. 
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problems are observed at the cathode interface. This relationship is also 
observed in NaBs. High voltage (HV) cathodes are preferred for higher 
energy densities. You et al. [106] summarized the deleterious effects of 
HV sodium cathodes as: (1) catastrophic volume changes arising from 
phase transitions; (2) oxidation of electrolyte, and (3) oxygen loss 
created by deep charging of Co-based materials. 

The issues highlighted by You et al. [106] also apply to NaSSBs. The 
reactivity of alkali metals often causes researchers to focus on 
anode-solid electrolyte interactions in lieu of the cathode-interface. 
Asakura et al. [107] generated a passivation layer of 
Na4(CB11H12)2(B12H12) formed in situ at 4.2 V by decomposition of 
Na4(CB11H12)2(B12H12) as (B12H12)2 on the surface of the high voltage 
sodium cathode, Na3(VOPO4)2F-. Above 4.2 V, electrolyte decomposi
tion forms (CB11H12)-, which acts as a blocking interphase. This inter
phase passivates the cathode surface against further reactions. The 
hydroborate electrolyte can be introduced into the cathode as a cath
olyte via solution processing. [107]. 

3.2. Solution processing 

Volume changes and chemical reactivity inherent with electro
chemical cycling often lead to delamination of the solid electrolyte from 
the electrode, increasing interfacial impedance and decreasing cycle life. 
In addition to choosing electrode/electrolyte combinations with low 
reactivity, methods that lead to more intimate interfacial contact can 
also prevent delamination. [58,102,108] Solution processing involves 
dispersing a ceramic electrolyte with electrode material in a carrier 
liquid and subsequent drying, which results in a catholyte with uniform 
electrolyte coating and high surface coverage. [58,109] The improved 
contact between solid electrolyte and active material results in enhanced 
ionic conductivity and charge transfer at the interface. Fig. 6 provides an 
example of how this method leads to superior mechanical contact within 
the catholyte. In this study, Duchêne et al. [108] compared the perfor
mance of two catholytes: one made by simply ball milling electrolyte 
particles [Na2(B12H12)0.5(B10H10)0.5], carbon black, and active material 
(NaCrO2), and another by the solution processing method described 
above. 

In the latter approach, the first step is to dissolve the sodium closo- 
borate electrolyte and formulate a dispersion with NaCrO2 active ma
terial in anhydrous methanol. The catholyte is then vacuum dried and 
subsequently ground with more electrolyte and conductive carbon. The 
end mass ratio of active material (AM), solid electrolyte (SE), and 
conductive carbon (CC) was the same as the ball-milled catholyte 
(70:20:10 AM:SE:CC). 

Catholyte cells of the form catholyte/closo-borate/Na were then 
tested. On cycling at 6 mA g-1 (C/20), the ball-milled catholyte pre
sented a low first cycle CE, which increased to above 90% by the third 
cycle, resulting in excessive capacity loss due to poor contact between 
solid electrolyte particles and active material. The solution-processed 
catholyte showed a much higher first cycle CE of 89%, which 
increased to > 99% on further cycling. The cell with the solution- 
processed catholyte retained 94.6% of the initial discharge capacity 
after 20 cycles at C/20. This 3 V cell was cycled at rates up to 24 mA g-1 

(C/5), showing minimal capacity loss after 250 cycles. Note that while 
these current rates are slightly lower than what is required for most 
applications, the comparison between the ball-milled and solution- 
processed catholytes shows significant promise for the latter. 

In EIS measurements, the impedance of the solution-processed 
catholyte was roughly an order of magnitude lower than the ball- 
milled catholyte. [108] This result implies that both the charge trans
fer and charge transport resistances within the bulk of the 
solution-processed catholyte were reduced due to the improved contact 
between the closo-borate and NaCrO2 particles through active material 
impregnation. In a later work, Asakura et al. [107] used this same so
lution processing technique to achieve a stable NaSSB operating at 4 V. 

3.3. Zero-resistance interfaces 

Often, compatibility optimization directly dictates the eventual 
utility of a battery system. In this vein, Inoishi et al. [110] explored the 
use of single phase materials with inherent compatibility centered 
around Na3−xV2−xZrx(PO4)3 (NVZP) from the NASICON family. The 
composition was varied between cathode, electrolyte, and anode 
resulting in virtually resistance-free interfaces. Using a single phase for 
all three primary cell materials, high temperature sintering can be used 
without formation of damaging interface reaction layers. After initially 
charging (Fig. 7), only electrolyte resistance was observed. 

Inoishi et al. [110] showed that despite higher electrolyte resistance, 
the all-NVZP cell offered lower overall cell resistance compared to other 
NASICON-type cells. This is attributed to the absence of interfacial 
resistance (50 vs. 20 kΩ). In a cell using electrodes with conductive 
additive (Na3−xV2−xZrx(PO4)3 with vapor grown carbon nanofibers) 
~55% of theoretical capacity (64 mAh g-1) was achieved. [110]. 

In this study, the authors demonstrate the possibility of using a single 
material with optimized compositions to fabricate a full cell, which 
eliminates the need for additional interfacial modification and reduces 
cost. However, this strategy is still in the early stages of development. 
More materials should be explored to improve electrochemical perfor
mance. Achieving an appreciable voltage difference from electrodes 
made of the same material may also pose a challenge to this technology. 

3.4. Co-sintering 

While still in the developing stages, co-sintering the cathode and 
inorganic solid electrolyte is one approach to improving mechanical 
stability and interfacial contact. For instance, Zhang et al. [50] sintered 
a NASICON electrolyte pellet coated with Na3V2(PO4)3 (NVP) active 
material and achieved a CE of nearly 100% at 10 C/10,000 cycles/25 ºC. 
In this study, however, such results required adding a drop of ionic 
liquid (IL) to the cathode side after sintering the materials separately. 
The benefits of IL in improving charge transfer at the interface are dis
cussed further in Section 4.2. When cycled at 0.1 C/80 ºC, the 
all-solid-state co-sintered cell without ionic liquid experienced signifi
cant capacity fading within the first 40 cycles. [50]. 

While co-sintering is beneficial for enhancing interfacial stability, it 
has several disadvantages when used in NaSSBs. For example, Lalère 
et al. [111] consolidated an NaSSB using spark plasma sintering, but this 
cell required an operating temperature of 200 ºC to achieve reasonable 
ionic conductivity. Another report of co-sintering a layered cathode with 
β′′ − Al2O3 also required elevated operating temperatures (350 ºC) to 
reduce polarization. [112] There are several reasons that co-sintering 
leads to high interfacial impedance: this method has been found to 
produce side reactions [113–115] and high elemental interdiffusion 
rates, [116] both of which can lead to formation of unwanted in
terphases that impede ionic transfer. 

The thicknesses of these interphases can grow with continued Na+

Fig. 7. Schematic of Pt/Na3−xV2−xZrx(PO4)3/Pt cell with ≈ zero-resistance 
interface. 
Reprinted with permission from Inoishi et al. [110]. Copyright 2016 Wiley 
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extraction/insertion, deteriorating capacity and lowering CE during 
cycling. Attempts to construct NaSSBs based on co-sintered mixed 
electrodes find severe capacity degradation in the first few cycles. [110, 
117] While co-sintering does have several drawbacks, its utility in 
fabricating all-solid-state batteries cannot be ignored, and more studies 
will be critical in understanding the connection between interfacial 
properties and impedance. 

4. Interfacial additives: buffer layers, ionic liquids, polymer 
electrolytes 

In addition to controlling interfacial stability via engineering solu
tions, the addition of materials to the interface can also improve stability 
and cycle life. Examples include buffer layers (BLs), ILs, and polymer 
electrolytes. The way these materials aid interfacial stability is discussed 
below. 

4.1. Buffer layers 

Different crystal structures and chemical potentials between inter
facial materials can lead to reactivity that degrades active material and 
battery performance. [93] Also, volume changes due to Na+ (de)inter
calation on cycling can cause mechanical defects including cracking and 
delamination that further remove active material from the cell. BLs are 
materials placed between the electrode and electrolyte that are intended 
to mitigate interfacial reactions and volume changes associated with 
cycling. BLs provide a stable, physical barrier that limits interfacial 
reactivity. 

A good BL should have limited reactivity with both the electrode and 
electrolyte, reasonable diffusion rate of the mobile cation, and nano
meter thickness. Also, a BL is not beneficial when used at an otherwise 
stable interface, as it is a barrier to ionic diffusion. 

To determine which BLs to use, it is first necessary to examine the 
interfacial reactivity and volume changes that occur on cycling for 
common electrode/electrolyte pairs. Tang et al. [93] used density 
functional theory calculations to simulate reactivity between electro
lytes and several cathodes/anodes (Fig. 8). Note that full thermody
namic equilibria were assumed. 

From Fig. 8a, it is evident that layered NaMO2 (M=Cr, Mn, Fe, Co, 
Ni) cathodes are unstable with Na3PS4 or Na3PSe4, likely due to 
displacement reactions that form phosphate compounds. Also, Na3Zr2

Si2PO12 (NZSP) shows low volume change on Na+ (de)intercalation with 
all oxide cathodes, suggesting that an oxide cathode/NZSP cell would 
have good mechanical stability. On the anode side, pure Na metal shows 
poor chemical and volumetric stability against all solid electrolytes. The 
Na2Ti3O7 anode, however, has much lower volume expansion with the 
electrolytes tested. This demonstrates the enhanced stability of a Na- 
containing compound as an anode (see Na2Sn in Table 4 for another 
example). Nonmetal anodes are also beneficial for fabrication because 
most do not require an inert environment, reducing the cost for assembly 
of NaSSBs. 

While thermodynamic reaction energy provides a good starting point 
for probing electrode/electrolyte compatibility, it is not sufficient for 
determining stable cell chemistries: other factors that are key for cell 
stability–such as electrode passivation–were not considered in Fig. 8. 
Therefore, the discussion here is somewhat limited. Nevertheless, it is 
still useful to examine the deleterious effects of volumetric expansion 
between the electrode and electrolyte that can accelerate delamination 
and other mechanical issues in an NaSSB. 

Tang et al. [93] also analyzed the reaction energy of common oxide 
BLs with solid electrolytes, cathodes, and anodes (see Fig. 8b). Al2O3, a 
common BL, shows low reactivity with solid electrolytes and cathodes 
and only slight reactivity with Na metal, making it a suitable BL for most 
interfaces. Of all BLs studied, only HfO2, Sc2O3, and ZrO2 present high 

Fig. 8. Interfacial reactivity and volume changes for common electrode/electrolyte pairs (a) and reaction energy of buffer layers with electrolytes, cathodes, and 
anodes. 
(b). Reprinted (adapted) with permission from Tang et al. [93]. Copyright 2018 American Chemical Society. 
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stability with both the Na anode and sulfide/selenide SEs. Lastly, SiO2 
offers good stability vs. solid electrolytes and polyanionic cathodes, 
making it an inexpensive and ideal BL for this interface. 

HfO2 has been coated onto MoS2 anodes via atomic layer deposition 
to produce a nanometer thick BL, which allows for facile Na+ diffusion 
due to the amorphous nature of HfO2. [118] When the MoS2 was cycled 
with and without a BL, the HfO2-coated anode delivered 99.6% CE over 
the first 50 cycles while the bare anode delivered only 98.6% CE, 
resulting in noticeable capacity fading. While not technically classified 
as a rare-earth metal, Hf is expensive, which could be a barrier to 
commercialization. 

Polymer coatings can also make suitable buffer layers. Yu et al. [119] 
leveraged the high ionic conductivity and polysulfide-blocking nature of 
NASICON-type NZSP with a nanoporous polymer (PIN) buffer layer to 
enhance interfacial properties. The intrinsic nanoporosity allows for 

facile ion diffusion while maintaining a flexible “cushion” between the 
ceramic and Na metal. This reduces the probability of fracturing the 
ceramic separator when applying enough pressure to create an ideal 
interface. In this study, carbon nanofibers (CNFs) were added on the 
cathode side to improve the electronic conductivity. 

A CNF/S||NZSP-PIN||Na full cell was constructed and outperformed 
a similar cell using only a Celgard separator in liquid electrolyte. High 
capacity retention (550 mAh gsulfur

-1 after 50 cycles @ C/5) is realized for 
the NZSP-PIN system compared to immediate capacity degradation in 
the Celgard-based cell, shown in Fig. 9 below. [119]. 

4.2. Ionic liquids 

Adding ILs to electrode/electrolyte interfaces has been shown to 
increase solid particle contact and charge transfer rates, mitigate volume 

Table 4 
Symmetric Cell Performance for Sodium-Ion Electrolytes with Anode Materials.  

Cell (electrode = Na if unlisted, 
electrolyte) 

Current Density 
(mA cm-2) 

Voltage Window 
(V) 

Other Considerations Ref. 

PVDF-NaCF3SO3-SiO2  • 0.2 0 – 4.1  • 25ºC  
• 5 µL cm−2 of liquid electrolyte added to both electrodes  
• Cycled stably > 1000 h 

[127] 

Na– β′ ′ − Al2O3  • 10   • 25 ºC  
• Critical current density [105] 

NZSP  • 0.8 (stable at 25ºC)  
• 3.0 (stable at 90ºC)   

• Gradual voltage increase in galvanostatic cycling at 0.9 mA cm-2, 25ºC  
• Cells pressed at 30 MPa 

[128] 

Na2Sn, Na3PSe4  • (stable)  
• 0.2 (unstable) 

1.25 – 2.35  • 25ºC  
• Symmetric cell with Na3PSe4 and Na anodes experienced increasing 

polarization during cycling at 0.1 mA cm-2 

[126] 

Na2Sn, Na3PS4  • 0.2 0.9 – 2.5  • 25ºC  
• Stable cycling at 0.1 mA cm-2/50 h, 0.2 mA cm-2/70 h  

NZSP  • 0.25 0 – 5  • 65ºC  
• Stable cycling to 475 h  
• NZSP wet with Na at 380ºC  
• Cells without wetting fail in 1 h under 0.15 mA cm-2 

[103] 

CPMEA-NZSP-CPMEA  • 0.2   • 65ºC  
• Stable cycling to 380 h  

Na3.4Zr2Si2.4P0.6O12  • 0.6   • 25ºC  
• Cycled stably for 300 h 

[129] 

Na-SiO2, Na3.2Zr1.90Mg0.10Si2PO12  • 0.2 (stable for 130 h)  
• 0.5 (critical current 

density)   

• 25ºC  
• Cell with Na anodes prepared by pressing failed at 0.1 mA cm-2 < 10 h 

[130] 

Na3.1Zr1.95Mg0.05Si2PO12  • 0.044 0 – 4.5  • 25ºC  
• Stable polarization potential of 2.7 mV obtained cycling test for over 50 h 

[47] 

Na2(B12H12)0.5(B10H10)0.5  • 0.1 0 – 3  • 60ºC  
• Stable cycling for 12 days 

[131] 

Na1.67Al10.33Mg0.67O17  • 0.044 –  • 25ºC  
• Stable cycling for 6000 s  
• Electrolyte doped with TiO2 and ZrO2 

[41] 

NZSP-NaClO4-PEO  • 1.0   • 60ºC  
• Stable cycling for 500 h 

[91] 

PVDF-HFP coated 
Na– β′ ′ − Al2O3 nanowires  

• 0.5 0 – 4.8  • 25ºC  
• Stable polarization potential for 300 h  
• Stable cycling for 100 h at 2 mA cm-2 

[92] 

NZSP = Na3Zr2Si2PO12 | CPMEA = cross-linked poly(ethylene glycol) methyl ether acrylate | PVDF-HFP = poly (vinylidene fluoride-co-hexafluoropropylene) | PVDF 
= polyvinylidene fluoride 

Fig. 9. Schematic of NASICON-type NaSE coated with a novel polymer with intrinsic porosity (PIN) to enhance interfacial contact (a) and long-term cycling at C/5 
showing improvement using PIN-NZSP over traditional Celgard.. 
(b). Reprinted from Yu and Manthiram [119]. Copyright 2019, with permission from Elsevier. 
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changes associated with cycling through hydrostatic stress dispersion, 
and enhance mechanical stability. [50,120] Also, ILs are non-flammable 
and non-volatile, making them practical for use in NaBs. 

In a study by Zhang et al., [50] the cycling performance of three 
different cells was compared. All three cells were of the general form 
NVP/SE/Na; the SE was from the NASICON family. In addition to this, 
cells were made by adding (a) 5 µL cm-2 of organic liquid electrolyte 
(0.8 M NaPF6 salt in ethylene carbonate-dimethyl carbonate, LE) and (b) 
5 µL cm-2 of ionic liquid (N-methyl-N-propylpiperidinium-bis (fluo
rosulfonyl) imide) as interfacial wetting agents on the cathode side. The 
cycling results for all three cells are shown in Fig. 10. 

As seen in Fig. 10a, the co-sintered NVP/SE/Na cell showed 

significant capacity fading and low CE over the first 40 cycles, as dis
cussed in Section 3.4. The cell with liquid electrolyte showed good ca
pacity retention for about 225 cycles, then quick capacity fading and 
ultimate failure by 250 cycles (Fig. 10b). Finally, in Fig. 10d, the cell 
with IL showed a first cycle CE of 97.5% and an average CE of ~100% 
over 10,000 cycles at 10 C, maintaining a capacity of 90 mAh g-1 (the 
discharge capacity at 0.2 C was 113 mAh g-1 in Fig. 10c). The ionic 
liquid aided cycling performance by enhancing solid particle contact 
between interfacial materials, providing a new ion migration channel to 
lower impedance, and allowing a buffer space for volume expansion in 
the cathode during electrochemical cycling. [50,121]. 

Liu et al. [120] mixed a layered Na0.66Ni0.33Mn0.67O2 with IL and 

Fig. 10. The electrochemical performance of solid-state batteries. (a) NVP/SE/Na NaSSB operating at 80 ◦C (b) NVP/LE/SE/Na hybrid battery operated at 0.2 C at 
ambient. (c) Rate performance of the NVP/IL/SE/Na solid-state battery at various current densities at ambient. (d) Cycling performance and coulombic efficiency of 
the NVP/IL/SE/Na solid-state battery at room temperature with a current rate of 10 C for 10000 cycles. (e) Schematic of cathode/solid electrolyte interface without 
ionic liquid and (f) with ionic liquid. (a)-(d) Reprinted (adapted) with permission from Zhang et al., Adv. Energy Mater., 2017, 7 (4), 1601196. [50] Copyright 2017 
American Chemical Society. (e), (f) Reprinted (adapted) with permission from Liu et al., ACS Appl. Mater. Interfaces, 8 (48), 32631–32636 (2016). [120] Copyright 
2016 Wiley. 

Fig. 11. (a) The 1st charge/discharge curves of the NVP/CPE-NZMSP/Na and NVP/SPE/Na batteries at 0.1 C and 0.2 C; (b) the rate performance of the NVP/SPE/Na 
batteries at various C-rates; (c) the rate performance of the NVP/CPE-NZMSP/Na batteries at 0.1 C, 0.2 C and 0.5 C; (d) the cycling performance of the NVP/CPE- 
NZMSP/Na cells at 0.2 C under 80 ◦C. 
(d) Reprinted from Zhang et al. [75]. Copyright 2017, with permission from Elsevier. [75]. 
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applied this soft electrode onto a β′′ − Al2O3 solid electrolyte pellet (see 
schematic in Fig. 10e-f). The IL acts as mobile cation conductor, wetting 
agent, and binder to increase solid interparticle contact. Solid-state 
batteries synthesized with this solution processed electrode showed 
excellent stability, maintaining a CE near 100% after 10,000 cycles at 
6 C. The capacity retention after 10,000 cycles was 90%, and a capacity 
of 79 mAh g-1 was recovered when the current rate was returned to 
0.1 C. It should be noted that this study was performed at 70 ºC, where 
the conductivity of β′′ − Al2O3 (~1 ×10-2 S cm-1) is nearly an order of 
magnitude higher compared with ambient (~1 ×10-3 S cm-1). [122, 
123] The addition of ionic liquid also led to remarkable stability at high 
current rates. 

4.3. Polymer electrolytes 

Due to their flexibility and ionic conductivity, composite polymer 
electrolytes are reported to improve cycling performance by achieving 
intimate contact with both the ceramic filler and electrode material. 
[124] The polymer electrolyte in general enhances stability by sup
pressing dendritic growth. [92] It also allows for effective interfacial 
contact and good chemical compatibility with common electrodes. 
[125] Furthermore, the rate performance of CPEs is superior to that of 
solid polymer electrolytes due to the additional ion migration channels 
provided by the ceramic electrolyte. 

It has been shown through cycling tests that cells made with CPEs 
can achieve higher electrochemical stability, better rate performance, 
and lower polarization than those with SPEs. [75,91,92,95] An example 
is shown below in Fig. 11. In this study, the electrochemical perfor
mance of a NaTFSI/PEO-based SPE was compared with that of a 
Na3.4Zr1.8Mg0.2Si2PO12 (NZMSP)-based CPE. 

In Fig. 11b, the rate performance of the half-cell with SPE is poor; it 
experiences fading capacity at 0.2 C, and the capacity delivered at 0.5 C 
is less than half that at 0.1 C. The half-cell with CPE-NZMSP in Fig. 11c 
shows only a minimal capacity dip at 0.5 C. This study also included the 
longer-term cycling performance of the CPE-NZMSP, which maintained 
~100% CE for the 80 cycles tested (see Fig. 11d). 

Filler conductivity also influences electrochemical performance. In a 
previous study by Zhang et al., [95] the long-term cycling performance 
of a cell with CPE-NZMSP was compared to an identical cell with NZSP 
as CPE filler. Due to the superior ionic conductivity of NZMSP (at 
ambient, 1.6 mS cm-1 for NZMSP and 0.67 mS cm-1 for NZSP), the cell 
with CPE-NZMSP achieved a CE of nearly 100% over 120 cycles at 0.1 C 
while the CPE-NZSP cell experiences notable capacity fading under the 
same conditions. 

4.4. NaSE performance in symmetric cells 

In this section, a summary of NaSE rate performance is given in the 
context of symmetric cells. Symmetric cells can be used in galvanostatic 
cycling experiments to measure the cycling stability of an electrode/ 
electrolyte pair at a given current density. Na metal is the most common 
electrode in symmetric cells. However, as outlined in Section 4.1, Na 
reacts strongly with most electrolytes, degrading crystalline structures at 
anode/electrolyte interfaces. [93]. 

As with LIBs, other anodes including Na2Sn or Na2Ti3O7 offer 
increased stability. [126] Symmetric cell data for various anode/elec
trolyte pairs is summarized in Table 4. Note that several of the examples 
in Table 4 use an interfacial modification method from Sections 3 and 4 
to enable better cycling capabilities and rate performance. [103,127, 
128]. 

Per Table 4, many different symmetric cell formulations offer good 
stability at ambient and at high current densities (>1 mA cm-2). [91, 
105,128] The Na/NASICON interface shows high stability at various 
temperatures and cycling conditions. [47,103,129] The voltage window 
up to ~4.5 V vs. Na makes this interface ideal for use in high-energy 
half/full-cells with an appropriate cathode. Use of a high conductivity 

electrolyte such as Na3.4Zr2Si2.4P0.6O12 (4.8 mS cm-1 at ambient [129]) 
is also shown to decrease electro-polarization by reducing cell imped
ance. [47,129] While Na metal is a preferable anode due to its high 
theoretical specific capacity, it is incompatible with Na3PX4 (X = S, Se) 
electrolytes. Substitution of pure Na with Na2Sn offers more stable 
cycling performance. [126]. 

Cathode materials such as NVP have also been used in symmetric 
cells to study compatibility with electrolytes. [111,127] Table 5 sum
marizes the data on symmetric cells with cathodes. In general, regardless 
of electrode material, symmetric cells with engineered controls 
including anode wetting (see Section 3.1.1) [103] and solution pro
cessing of the electrolyte (see Section 3.2) [108] perform favorably in 
galvanostatic cycling experiments. 

5. Cathodes enabling high-energy NaSSBs: design and 
implications 

One critical element for high-energy-density NaSSBs is optimizing 
cathode materials. There is good agreement between NaBs, LIBs, and 
NaSSBs, in that the respective alkali metal anode provides the most 
promise for high energy density and capacity. As emphasized in Sections 
3 and 4, the Na metal interface with SEs is challenging to optimize and is 
often limited to non-reactive material pairs that do not decompose or 
form side products on contact or cycling. Efforts have been made to 
passivate both cathode and anode interfaces with SEs in NaSSBs with 
moderate success. [50,103,104,107,108] If Na metal is assumed to be 
the anode of choice, the cathode is the next variable in efforts to increase 
cell energy density. Cathodes such as NVP and NMTO have been 
explored in symmetric cells using NaSEs. [111,127,132,133]. 

SOTA cathodes for NaSSBs must balance high capacity, operating 
voltage, and stability. Generally, NaBs have lower operating voltages 
compared to LIBs due to differences in electropositivity. For this reason, 
novel sodium cathode studies focus on specific capacity instead of en
ergy density – especially when comparing to LIBs. The primary com
parison for SOTA energy density is between oxide- and sulfur-based 
cathodes. Oxide-based cathodes favor higher operating potential, but 
lower specific capacity when compared to sulfur-based cathodes. Sulfur- 
based cathodes can have energy densities greater than 1400 Wh kg-1, 
while oxide systems such as NVP typically have energy densities less 
than 600 Wh kg-1. [134,135] In addition to high energy density, the low 

Table 5 
Symmetric Cell Performance of Sodium-Ion Electrolytes with Cathode Materials.  

Cell (electrode, 
electrolyte) 

Current 
density 
(mA cm- 

2) 

Voltage 
window 
(V) 

Other 
considerations 

Ref. 

NVP, NZSP  • 0.097 0 – 2.2 
(avg. of 
1.8)  

• 200ºC  
• Electrode: 25% NVP / 

60% NZSP / 15% 
Carbon  

• 60% initial capacity 
retention at 
0.486 mA cm-2 

[111] 

NVP, 
PVDF- 
NaCF3SO3-SiO2  

• 0.5 C 1 – 2.5 
(avg. of 
1.7)  

• 25ºC  
• Capacity fading for first 

50 cycles  
• 70% capacity retention 

after 100 cycles  
• 5 µL cm−2 of liquid 

electrolyte added to 
both electrodes 

[127] 

NMTO, NZSP- 
PEO (25 wt% 
PEO)  

• 0.01   • 25ºC  
• Stable cycling for 100 

cycles with polarization 
of 0.2 V 

[132] 

NVP = Na3V2(PO4)3 | NZSP = Na3Zr2Si2PO12 | NMTO = Na0.44Mn0.67Ti0.33O2 | 
PEO = polyethylene oxide | PVDF = polyvinylidene fluoride 
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operating voltage of sulfur-based systems allows for 
high-voltage-incompatible materials to be utilized as NaSEs, such as 
polymers. 

5.1. Sulfur-based cathodes 

In general, the most desirable cathode is sodium sulfide, Na2S. While 
Li-S batteries are also under development, Na-S batteries have been used 
commercially for decades with the caveat of an operating temperature 
above 300̊C. [136] While this temperature is economically viable at 

utility scales, it is unacceptable at the consumer level. In the previous 
decade, there has been significant progress towards ambient tempera
ture Na-S batteries that offer high energy density (1274 Wh kg-1). [134, 
137,138] This improvement over the high temperature Na-S batteries 
arises from the different final discharge product (Na2S vs. Na poly
sulfide). The different charge/discharge products are highlighted in Eq. 
(1) (high temperature) and 2 (room temperature) for Na-S cathodes. 
[134,136]. 

2Na + nS ⟷Na2Sn (n ≥ 3) (1) 

Fig. 12. Primary and secondary conducting pathways illustrated for Na3SbS4 NaSE shown in (a) micro-scale and (b) nano-scale, and performance data of specific 
capacity vs. voltage for varying (c) C-rates and (d) galvanostatic cycling up to 100 cycles at 1000 mA g-1. 
(a) Reprinted from Wan et al. [142]. Copyright 2020, with permission from Elsevier. 

Fig. 13. Na3PS4 catholyte with nano- or micro-Na2S-C, homogeneous elemental distribution shown by EDX (a), TEM image of composite cathode (b), and galva
nostatic cycling. 
(c)Reprinted (adapted) with permission from Yue et al. [141]. Copyright 2017 American Chemical Society. 
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2Na + pS ⟷Na2Sp (p ≥ 1) (2) 

The benefit to using a sulfur-based cathode is high energy density 
paired with low cost and low toxicity. [136] The cost of sulfur is almost 
trivial compared to that of lithium, nickel, or cobalt. Sulfur prices have 
gone up recently but remain below $150 ton-1. [136] Sulfur-based Na 
cathodes have been used in combination with many different solid 
electrolytes. [47,139,140] Some of the most common electrolytes are 
also sulfur-based, such as Na3PS4 and Na3SbS4. [141–143]. 

Solid-state battery performance relies on triple-phase contact be
tween the active material, electronic additives, and NaSE. Wan et al. 
[142] employed a nanoscale electronic and ionic network to ensure 
intimate triple-phase contact between a S-NaSbS4-C composite cathode 
and NaSbS4 NaSE. 

Wan et al. [142] predicted the need for microscale ionic/electronic 
highways within the cathode supported by nanoscale bridges to ensure 
continuous triple-phase contact. A network was structured using 
S-NaSbS4-C composite further mixed with Super P carbon and micro
scale NaSbS4 as shown in Fig. 12a-b below. [142] This provides both 
primary and secondary conducting pathways within the composite 
cathode. SEM-EDS mapping was used to confirm the intimate contact 
between the active material, NaSE, and electronically conductive 
additive. 

The resulting performance is shown above in Fig. 12c-d. At 50 mA g- 

1, Wan et al. [142] obtained ≈ 1500 mAh gsulfur
-1 initial discharge ca

pacity. Using a more realistic current density of 1000 mA g-1, 
S-NaSbS4-C/NaSbS4/Na metal cells show good capacity retention at 
room temperature. Even at a cathode loading of 12.74 mg cm-2, full cells 
showed reversible discharge capacity of ≈ 470 mAh gsulfur

-1 . This high 
loading performance is important in demonstrating the possibility of 
scaling the system to high-energy-density cells, which could be used in 
energy-intensive applications such as EVs. [142]. 

Yue et al. [141] explored using a nano Na2S cathode material com
bined with Na3PS4 to ensure interfacial contact between the cathode and 
Na3PS4 NaSE. Due to processing the catholyte with C, 
high-ionic-conductivity Na3PS4 can act as active material and NaSE. 
[141] Both micron and nano Na2S were tested in full cell formats. Fig. 13 
shows that nano Na2S offers lower interfacial resistance and greater 
discharge capacity retention through cycling. This superior perfor
mance, along with homogeneous mixing of nano Na2S and Na3PS4, 

reduces the need for triple-phase contact required for charge transfer 
reactions down to two-phase contact. Yue et al. [141] displayed ≈ 870 
mAh gsulfur

-1 at 50 mA g-1 in their NaSSB, which represented the best 
performance to that date. A comparison of the performances of 
solid-state Na-S batteries with oxide and sulfide-type solid electrolytes 
can be found in Tables 6 and 7, respectively. 

The flexibility of CPE-based systems gives rise to inherently intimate 
electrode/NaSE contact. [47] The mechanical and conduction proper
ties of CPEs can be improved by addition of an inorganic phase as 
described above. Zhu et al. [144] used a PEO-type SPE with low TiO2 
content as an inactive filler and NaFSI as electrolyte salt, shown in  
Fig. 14a-b. Different amounts of TiO2 filler were tested, with the optimal 
content being only 1%. The composite cathode S/CPAN [CPAN 
= carbonized poly(acrylonitrile)] also contained SPE without TiO2 to 
facilitate interfacial contact. Using this system, Zhu et al. [144] achieved 
251 mAh g-1 (710 mAh gsulfur

-1 ) after 100 cycles (Fig. 14c) and good rate 
capability (Fig. 14d). See Table 8 for a performance comparison of 
solid-state Na-S batteries with CPE. 

5.2. Oxide, phosphate, and hexacyanoferrate cathodes 

Other promising cathode groups for NaSSBs are transition metal 
oxides, phosphates, and hexacyanoferrates. [148] Transition metal ox
ides such as NMC xyz (LiNixMnyCozO2) and NCA (LiNixCoyAlzO2 where 
x + y + z = 1) are well characterized and have dominated the LIB in
dustry. The analogous sodium iterations have lower capacities but 
remain interesting as their structures are well understood from the LIB 
landscape. Phosphates such as NVP have been studied extensively and 
show promise with high theoretical capacity (118 mAh g-1), capacity 
retention (96% over 200 cycles), and high-rate capability in 
liquid-electrolyte-based cells. [148] NVP is often used as a baseline for 
Na-based cathodes while testing other components, such as NaSEs. 

Table 6 
NaSSBs with a sulfur-based cathode and oxide-based electrolyte.  

Cell 
(cathode, electrolyte, anode) 

Reversible 
capacity, 
current density 
(mAh g-1, mA g-1 

or C-rate) 

Interface 
Consideration 

Ref. 

SþCþPEOþNaClO4þSiO2þ

EMIM TFSI, NZMSP, Na 
metal  

• 150  • Polymer catholyte 
mixed with S 
active material in 
1:1 mass ratio and 
uniformly coated 
onto NZMSP 
ceramic pellet 
and vacuum 
dried. 

[47] 

3Ni-NaCl, β
′ ′-Al2O3, NiCl2   • 83.1% capacity 

retention [140] 

3Ni-NaCl, NASICON, NiCl2   • 87.8% capacity 
retention 

[140] 

S/C, β
′ ′-Al2O3, Na metal  • 600 @ 1/ 

64 C after 90 
cycles.  

• 1 M solution of 
NaCF3SO3 in 
TEGDME applied 
to each electrode 

[137] 

EMIM TFSI = 1-Ethyl-3-methylimidazolium bis(fluorosulfonyl)imide | NZMSP 
= Na3.1Zr1.95Mg0.05Si2PO12 | NMTO = Na0.44Mn0.67Ti0.33O2 | PEO 
= polyethylene oxide | NASICON = Na1+xZr2SixP3−xO12 | TEGDME = CH3O 
(CH2CH2O)4CH3 

Table 7 
NaSSBs with a sulfur-based cathode and sulfide-based electrolyte.  

Cell 
(cathode, 
electrolyte, 
anode) 

Reversible capacity, 
current density (mAh g-1, 
mA g-1 or C-rate) 

Interface Consideration Ref. 

Na2S-C-Na3PS4, 
Na3PS4, Na 
metal  

• 870 @ 50 mA g-1  • Nano-Na2S catholyte 
(Na3PS4) containing 
cathode provides good 
interfacial contact 
between cathode and 
NaSE due to only 2- 
phase requirement for 
charge transfer 
reaction. 

[141] 

S-(MSP-20)- 
Na3SbS4, 
Na3SbS4, 
Na3SbS4- 
Na3PS4  

• 1560 per sulfur (330 
per composite) 
@ 0.064 mA cm-2  

• Carbon matrix allows 
for expansion and 
contraction of 
activated S, further 
improvement can be 
made with particle size 
optimization. 1560 
mAh g-1 initial and 
93% capacity retention 
after 50 cycles. 

[143] 

S, 75Na2S- 
25 P2S5, Na 
metal  

• Only cyclic 
voltammetry  

[139] 

S-Na3SbS4-C, 
Na3SbS4, Na 
metal  

• 743 @ 100 mA g-1 and 
6.34 mg cm-2 loading  

• Nanoscale secondary 
ionic/electronic 
network promoting 
triple contacts 
resulting in good 
interfacial contact and 
low stress/strain on 
cathode material. 

[142] 

MSP-20 = phenol resin-derived activated carbon 
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Inherent issues such as low electronic conductivity can be overcome 
using different strategies including carbon coating, metal doping, and 
3D porous architectures. [148–151] These strategies lead to high pro
duction cost, along with high material cost of V precursors. [148] 
Hexacyanoferrates have been of great interest in both academia and 
industry. A motivation for hexacyanoferrate and phosphate imple
mentation is low cost per cathode energy – or $/(Wh kg-1) – and high 
energy density (Wh kg-1) as shown in Fig. 15. [152]. 

Yu et al. [153] designed a laminated composite NaSE in conjunction 
with a low cost, high-energy-density hexacyanoferrate cathode. A PEO, 
succinonitrile (SN), NaClO4 electrolyte was used at the anode interface 
due to its low voltage stability (< 4.2 V) and interfacial compatibility 
with Na metal (shown in Fig. 16b). On the opposite side, a PAN-based 

CPE (PAN-NZSP-NaClO4) was used to buffer the cathode interface. In 
both cases, the composite additives (SN and NZSP) were used to increase 
the Na+ conductivity. Yu et al. [153] carefully matched the conductiv
ities in both systems by tuning the PEO/PAN ratio with the respective 
Na+ conductor. The result is a working NaSSB with a laminate-type 
NaSE, wherein neither layer individually can work independently of 
the other. The NaSSB cell had 83% capacity retention at C/5 over 200 
cycles as shown in Fig. 16a. [153]. 

While most examples of NaSSBs do not show independent cathode/ 
anode interfacial tuning, certain chemistries can be compatible with 
both electrodes so individual tuning might not be necessary. Duchêne 
et al. [154] used closo-borate NaSE, Na4(B12H12)(B10H10) (NBH) in so
lution form to impregnate a porous NaCrO2 cathode, a concept 

Fig. 14. (a) Schematic of S/CPAN, PEO, C, and nano-TiO2 cell format, (b) reaction mechanism for Na ions with S/CPAN cathode, (c) galvanostatic cycling of 
assembled NaSSB, and (d) cycling test for assembled NaSSB at different rates. 
(d) Reprinted (adapted) with permission from Zhu et al. [144]. Copyright 2019 American Chemical Society. 
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introduced in Section 3.2. This infiltration increases the interfacial 
contact area and reduces porosity, thus optimizing ionic diffusion 
pathways through the catholyte (see Fig. 17 below). 

The impregnated NBH electrolyte reduces porosity in the cathode 
and therefore aids in densification after pressing. Duchêne et al. [154] 
varied the pressing conditions and stack pressure to conclude that higher 
pressure results in better performance. The NBH-containing cell per
formed nearly identically to a cell with liquid electrolyte (118 vs. 121 
mAh g-1). See Table 9 for a performance comparison of more NaSSBs 
without a sulfur cathode. 

6. Conclusions and future perspectives 

This review summarizes current research on solid electrolytes and 
their interfacial stability with potential anode and cathode materials. In 
general, sodium-based oxide electrolytes exhibit high stability and offer 
many facile synthesis routes; however, their ionic conductivities are not 
as high as sulfide-based electrolytes. On the other hand, sulfide-based 
electrolytes have drawbacks such as poor thermal stabilities, brittle
ness, side reactions with electrodes (Na metal), and high moisture 
sensitivity. Numerous studies have targeted alleviating these short
comings by introducing dopants and coatings to modify composition 
and structure. Furthermore, solid polymer electrolytes are also prom
ising to enable NaSSBs with high flexibility and low-cost synthesis. In 
addition, dendrite growth may be suppressed in solvent-free polymer 
electrolytes under certain conditions. 

Furthermore, we summarize current efforts to improve the interfa
cial and chemical stability of NaSSBs to achieve long-term cycling with 
minimal capacity loss. Significant improvements have been made using 
cathode solution processing, anode wetting, and CPEs to increase the 
contact area of interfacial materials. The introduction of buffer layers to 
the interface, such as alumina or ionic liquid, have also been shown to 
increase cycle life and rate capability. Ultrathin buffer layers accessible 
via chemical vapor deposition reduce interfacial impedance. In addition, 
computational studies have provided guidelines for selecting promising 
solid electrolytes and buffer layers that could enable the assembly of 
NaSSBs. 

Moreover, these interfacial techniques have been used to improve 
the performance of sulfur, oxide-, hexacyanoferrate-, and phosphate- 
type cathodes in NaSSBs. Due to the high theoretical capacity of 
sulfur-based systems, most NaSSBs employ sulfur-based cathodes. While 
initial studies required high operating temperatures (>200̊C) for 
adequate ionic conductivity, interfacial techniques discussed here 
permit reducing operating temperatures to near ambient while main
taining good performance. More well-known oxide-, hexacyanoferrate-, 
and phosphate-based cathodes such as NaCrO2, Na2MnFe(CN)6, and 
NVP are also possible candidates. In these cathodes, high capacity is 
sacrificed at the expense of cycling stability. Independent of cathode 
type, introduction of ionically-conductive pathways enables high areal 
loadings such that the cell format has a wider breadth of potential ap
plications. The introduction of ionically-conductive agents is critical for 
reducing interfacial resistance while also maximizing contact between 
active material and electrolyte. 

To produce next-generation NaSSBs on a commercial scale, five key 
factors will need to be addressed regarding the interface (see Table 10 
for a summary of these barriers and corresponding solutions): 

6.1. Na metal anode stability 

While current research indicates that it is difficult to use a metallic 

Table 8 
NaSSBs with a sulfur-based cathode and CPE.  

Cell 
(cathode, 
electrolyte, 
anode) 

Reversible capacity, 
current density (mAh g- 

1, mA g-1 or C-rate) 

Interface Consideration Ref. 

Poly(S-PETEA) 
@C, PETEA- 
THEICTA, Na 
metal  

• 877 (736 after 100 
cycles) @ 0.1 C  

• GPE successfully 
stabilized Na/NaSE 
interface while 
immobilizing soluble 
Na polysulfides. Poly 
(S-PETEA) strongly 
anchors S via chemical 
binding and reduces 
shuttle effect. 

[145] 

S/CPAN-PEO- 
NaFSI, PEO- 
NaFSI-nano 
TiO2, Na 
metal  

• 311 initial, 252 after 
100 cycles, 0.1 A g-1  

• S bonding to backbone 
of CPAN is key for 
reversible S cathode. 
Interface between 
composite cathode and 
NaSE has low 
resistance, 27.31 Ω. 

[144] 

PANI@C/S-280, 
PEO- 
NaCF3SO3- 
MIL-53(Al), 
Na metal  

• 897 (675 after 50 
cycles) @ 0.1 C  

• Introduction of MIL-53 
(Al) lowers interfacial 
resistance, improves 
cycling performance, 
increases Na trans
ference number and 
ionic conductivity. 

[146] 

SnS2, Na3PS4- 
PEO-NaClO4, 
Na metal  

• 230 @ 20 mA g-1 

after 40 cycles  
• The addition of Na3PS4 

to PEO matrix 
improves interfacial 
contact between NaSE 
and cathode while also 
increasing ionic 
conductivity. 

[147] 

S-PETEA = poly(S-pentaerythritol tetraacrylate | PETEA-THEICTA = PETEA- 
tris[2-(acryloyloxy)ethyl] isocyanurate | CPAN = carbonized poly(acryloni
trile) | NaFSI = sodium bis(fluorosulfonyl) imide | PANI = polyaniline | MIL-53 
(Al) = C8H5AlO5 
| NPS = polyaniline | PEO = polyethylene oxide 

Fig. 15. Energy density (a) and cost per energy density (b) of select oxide (red), phosphate (pink), and hexacyanoferrate (blue) sodium cathodes. 
Reprinted (adapted) with permission from Li et al. [152]. Copyright 2017 Wiley. 
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sodium anode, the high energy density offered by this configuration is 
desirable for next-generation NaSSBs. Therefore, it is prudent to further 
investigate reactivity and electrode passivation at Na/SE interfaces, and 
ways to achieve intimate and robust bonding that can withstand 
extensive cycling. Anode wetting and buffer layer compatibility were 
discussed above and are good methods to achieve high contact areas and 
chemically-stable interfaces. However, to our knowledge, there is a lack 
of research on the use of buffer layers in half-cells, specifically at the Na/ 
SE interface. Thus, this provides motivation to examine alternative 
buffer materials that could advance the configuration of NaSSBs. 

6.2. Rate capability 

Another key factor in developing NaSSBs is to improve the rate 
capability to meet the demands of high-power-density applications (e.g. 
electric vehicles). Hence, it is critical that NaSEs exhibit high Na+

transference number (~1) to mitigate the issue of electro-polarization 
during extensive cycling. In addition, it is desirable that NaSEs are sta
ble at high critical current densities to enable fast charging. The target 
critical current density to compete against liquid electrolytes is ~ 
1–3 mA cm-2. The microstructure and impurities of the NaSE is another 
parameter that could hinder the commercial application of NaSSBs. 

6.3. Advances in cathode materials 

With the assumption that Na metal is the anode of choice in high- 
energy NaSSBs, cathode optimization will determine maximum perfor
mance. To this end, Na-S systems offer higher capacities compared to 
oxide and phosphate counterparts. Advances in ambient, stable cycling 
with high material loadings will be key in commercializing S-based 
NaSSBs. Understanding advanced catholyte systems that maintain triple 
phase contact between active material, ionically-conductive and 
electronically-conductive additives is also of the utmost importance 
going forward. 

6.4. Processability 

While there are numerous electrolyte synthesis and processing 
methods, there are few commercially available for NaSSBs, which in
troduces concerns of scalability. Sulfide-based electrolytes, for instance, 
are highly moisture sensitive and could be difficult to produce on a large 
scale where the environment is less controlled. Other issues such as the 
generally brittle nature of oxide electrolytes can potentially be solved 
using the research directions given in this review, such as CPEs for 
creating a robust electrolyte with superior interfacial contact than the 
pure ceramic. Other methods that can be useful for creating facile con
tact with electrode materials include ionic liquid coatings, solution 
processing, and warm pressing. 

6.5. Scalability for commercialization 

For widespread use, a reliable and scalable battery storage system is 
required to meet the market demand. Selected efforts to accelerate the 
scale-up and commercialization of NaBs have been discussed above; 
however, extensive collaboration between researchers in multiple fields 
is mandated for further advances in transforming lab-scale materials to 
prototype levels. This includes optimization of the energy density and 
pack integration via electrode and cell design. 
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Fig. 16. (a) Galvanostatic cycling of NaSSB with laminate-type NaSE independently tuned for both cathode and anode and (b) assembly schematic of NaSSB with 
laminate-type NaSE. 
Reprinted (adapted) with permission from Yu et al. [153]. Copyright 2020 Wiley. 

Fig. 17. Preparation and impregnation of NBH NaSE into NaCrO2 cathode. 
(a) Reprinted from Duchêne et al. [154]. Copyright 2020, with permission from Elsevier. 
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Na anode 
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Surface and heat 
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good wetting 
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Na+ diffusivity 
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Rate 
capability 
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High-purity NaSEs 
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materials 

Further studies on 
Na-S at ambient 

Studies of active 
material loading 

High-ionic- 
conductivity 
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