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a b s t r a c t

Sodium-based batteries (SBBs) are considered as promising next-generation energy storage devices owing

to the low cost and natural abundance of raw materials. As the blood of SSBs, electrolytes are required

to exhibit specific properties, including broad electrochemical stability windows, high thermal stability,

prior ionic conductivity, and so on. Therefore, a diverse array of materials and compositions were de-

veloped to form novel electrolytes, thereby satisfying the practical requirements of SSBs. In this review,

we comprehensively summarize the latest advances and the corresponding electrochemical properties of

different electrolytes for SBBs. First, this review describes the desirable characteristics of electrolytes in

detail. Subsequently, the latest progress in the design and regulation of electrolytes is systematically ana-

lyzed from four key aspects: organic liquid electrolytes, aqueous electrolytes, solid-state electrolytes, and

quasi-solid-state electrolytes. Finally, this review delivers an exhaustive illustration on the challenges and

research prospects concerning the further development of electrolytes in SBBs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Energy scarcity problems are forcing researchers to develop

new energy storage systems with high energy density and low

cost. Among them, lithium-ion batteries become the most success-

ful and prevalent one being widely utilized in various fields like

portable electronic devices and electric vehicles [1]. However, the

uneven distribution and complicated extraction process of lithium

resources significantly restrict their further development. In con-

trast, with a theoretical specific capacity of 1165 mAh/g, metallic

sodium (Na) can provide electrochemical performance close to that

of lithium [2]. Moreover, sodium resources are more abundant in

nature, which permits sodium-based batteries (SSBs) to be man-

ufactured at a much lower cost than lithium-based batteries [3].

These advantages enable SBBs promising alternatives to lithium-

based batteries [4].

The typical structure of sodium-based batteries (SBBs) consists

of an anode, electrolyte, separator, and cathode, with commonly

used anode materials including carbon-based materials, transition

metal compounds, and alloyed materials [5]. As for cathode, rep-

resentative materials, including layered oxides, polyanionic com-
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pounds, prussian blue analogs, sulfur composites, and air are com-

monly applied in SBBs [6]. Electrolytes in SBBs have functions of

conducting electrons and transferring ions, which act as bridges

connecting the electrodes. The role of the electrolytes is crucial,

as they must ensure high ionic conductivity and stability under

operating conditions. Therefore, the characteristics of the elec-

trolytes can affect the properties of the batteries to a large extent

[7,8]. At present, four main types of electrolytes have been inves-

tigated for applications to SBBs, namely organic liquid electrolytes,

aqueous electrolytes, solid-state electrolytes, and quasi-solid-state

electrolytes [9]. Generally, liquid-state electrolytes exhibit higher

ionic conductivity compared to solid-state electrolytes because of

their superior fluidity, which facilitates the rapid migration of Na+

ions [10]. In contrast, solid-state electrolytes offer enhanced safety

due to their excellent thermal stability and broader electrochemi-

cal stability windows [11]. Aqueous electrolytes demonstrate high

ionic conductivity, low cost, and exceptional safety. However, their

energy density is significantly constrained by their limited range

of operational voltage [12]. Consequently, various electrolytes can

cater to diverse requirements, but all acquire targeted strategies to

further improve their properties. To expedite industrialization, both

organic liquid and aqueous electrolytes must achieve high energy

density and long cycle life, while solid-state electrolytes need to

realize improved ionic conductivity and interface properties [13].

In the future, certain ionic liquids and solid-state electrolytes may

https://doi.org/10.1016/j.cclet.2025.111309
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Fig. 1. Regulation methods and expected properties for different electrolytes on

SBBs. Copied with permission [65]. Copyright 2018, American Chemical Society.

Copied with permission [84]. Copyright 2020, Cell Press. Copied with permission

[94]. Copyright 2017, Springer Nature. Copied with permission [118]. Copyright 2021,

American Chemical Society. Copied with permission [112]. Copyright 2023, Springer

Nature. Copied with permission [128]. Copyright 2020, Wiley-VCH. Copied with per-

mission [168]. Copyright 2023, Wiley-VCH. Copied with permission [167]. Copyright

2024, Wiley-VCH. Copied with permission [172]. Copyright 2023, Springer Nature.

Copied with permission [137]. Copyright 2023, Wiley-VCH. Copied with permission

[154]. Copyright 2019, American Chemical Society. Copied with permission [151].

Copyright 2019, Elsevier.

be regarded as promising candidates for viable SBBs, capable of

operating under high voltage and elevated temperature conditions.

However, the high cost associated with these electrolytes may im-

pede their large-scale application in the near term [14]. As an

innovative approach, the combination of different types of elec-

trolytes can be employed to leverage their respective merits and

mitigate their limitations [15]. In particular, solid-state electrolytes

and liquid electrolytes, like ionic liquids, can be integrated to ob-

tain quasi-solid-state electrolytes to address interfacial challenges

and enhance compatibility within battery systems [16]. As research

progresses, the design of electrolytes for SBBs necessitates a more

comprehensive and systematic approach. The compatibility with

advanced electrode materials, safety, and interfacial capability are

often required to be collectively addressed within one electrolyte

[17]. Therefore, the further design and optimization of electrolytes

will be regarded as more and more critical for the next stage of

the development of SBBs.

In this review, we systematically elucidate the characteristics,

research progress, optimization strategies, and future prospects of

electrolytes for SBBs. As shown in Fig. 1, the methods of im-

provement and modulation of different types of electrolytes and

the desired excellent performances are summarized. It empha-

sizes the importance of targeted optimization strategies for var-

ious electrolytes, which are vital factors in achieving superior

electrochemical performance and reliable safety. Varied electrolyte

systems exhibit distinct electrochemical properties due to their

varying electrochemical stabilities and the decomposition products

formed during interactions with Na+ ions [18]. Consequently, we

reviewed the development progress of organic liquid electrolytes,

aqueous electrolytes, solid-state electrolytes, and quasi-solid-state

electrolytes. Our aim is not only to analyze SBB electrolytes from

an academic perspective but also to provide inspiration for future

research through novel insights.

2. Targeting characteristics of sodium-based electrolytes

To advance sodium-based battery (SBB) technology, it is cru-

cial to examine the key properties that electrolytes must exhibit to

achieve optimal performance and practical applicability. This sec-

tion delves into the essential attributes, encompassing chemical

and electrochemical stability, thermal stability, ionic conductivity,

compatibility and interfacial behavior with electrodes, non-toxicity

and environmental benignity, as well as cost-effectiveness, which

collectively underpin the development of superior SBB electrolytes,

laying the groundwork for their integration into next-generation

energy storage systems [19].

2.1. Chemical and electrochemical stability

Chemical and electrochemical stability are fundamental require-

ments for SBB electrolytes, as they critically affect the safety, effi-

ciency, and longevity of the battery system. Chemical stability en-

sures the electrolyte’s resistance to degradation or undesired reac-

tions with electrode materials, separators, or the containers under

ambient or operational conditions [20]. This is particularly impor-

tant for preventing the formation of harmful byproducts, maintain-

ing ionic conductivity, and sustaining overall battery performance

[21]. Electrochemical stability, on the other hand, refers to the abil-

ity of the electrolyte to operate within a wide ESW, ensuring com-

patibility with high-voltage electrodes and minimizing side reac-

tions such as electrolyte decomposition or parasitic reactions at the

electrode-electrolyte interface [22].

The characterization and analysis of these properties are

achieved through a range of experimental and computational tech-

niques. Spectroscopic techniques, such as Fourier-transform in-

frared spectroscopy (FTIR) and nuclear magnetic resonance (NMR),

are employed to identify degradation pathways and chemical

changes in the electrolyte. Electrochemical stability is typically as-

sessed by linear sweep voltammetry (LSV) to define the ESW,

while cyclic voltammetry (CV) provides information on redox be-

havior and potential side reactions. Additionally, electrochemical

impedance spectroscopy (EIS) offers insights into ion transport and

interfacial stability. From a theoretical perspective, computational

methods, such as density functional theory (DFT), complement ex-

perimental studies by predicting the reactivity and stability of elec-

trolyte components under different conditions [23].

2.2. Thermal stability

Thermal stability is another important requirement for sodium-

based electrolytes, especially for large-scale energy storage systems

where operational safety is crucial. Thermal stability can be evalu-

ated using thermogravimetric analysis (TGA) and differential scan-

ning calorimetry (DSC). Electrolyte volatility must be minimized

and decomposition at high temperatures, which often occurs dur-

ing rapid charging, high current operation and thermal runaway,

must be avoided. Thermally stable electrolytes reduce the risk of

flammability and decomposition of the electrolyte, reducing safety

risks such as electrolyte leakage, outgassing and explosions [24].

Conventional organic liquid electrolytes present thermal sta-

bility challenges due to the flammability of carbonate-containing

solvents. Ionic liquid-based electrolytes composed of organic salts

with low vapor pressure are usually thermally stable and non-

flammable [25]. Solid electrolytes, especially superionic conductive

sodium (NASICON) and sodium aluminum oxide, have much higher

thermal stability, making them suitable candidates for safe SBBs

[26].
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2.3. Ionic conductivity

High ionic conductivity is necessary for high-efficiency trans-

port of sodium ions in the electrolyte, providing high performance

and low internal resistance in sodium-ion batteries. Ionic conduc-

tivity relies on the factors such as ion dissociation, ion mobility

and the overall structure of the electrolyte [27]. Organic liquid

electrolytes with sodium salts dissolved in organic solvents, such

as NaClO4 and NaPF6, have ionic conductivities on the order of

10–3–10–2 S/cm at room temperature [28]. These values are compa-

rable to lithium-ion based electrolytes and provide efficient charge

transfer. However, the salt concentration and solvent composition

need to be optimized to minimize viscosity and increase ion mo-

bility [29].

Solid electrolytes have the advantage of stability, but often have

a lower conductivity than liquid electrolytes, especially at room

temperature. Ceramic electrolytes, such as NASICON, can achieve

ionic conductivities close to 10–3 S/cm, but still need optimized ef-

ficiency to meet commercial standards [30]. Polymer electrolytes,

including poly (ethylene oxide) (PEO)-based systems, offer cus-

tomizable conductivity but are temperature dependent and require

higher temperatures for optimum tolerance [31]. Quasi-solid-state

electrolytes are therefore designed to combine the higher ionic

conductivity with stability, becoming competitive candidates for

the future SBB electrolytes.

2.4. Compatibility with electrodes and interface properties

The compatibility of sodium electrolytes with electrode mate-

rials is critical for achieving stable cycling performance, especially

in high-capacity and high-rate sodium-based batteries (SBBs). The

electrolyte must form a stable and homogeneous solid electrolyte

interface (SEI) on the anode surface, which acts as a passivating

layer to facilitate sodium-ion transport while preventing electrolyte

degradation and dendrite formation [32,33]. For high-capacity an-

odes, such as alloy-based materials, the SEI layer must be mechan-

ically robust to accommodate large volume changes during cycling.

Electrolytes containing organic carbonates and sodium salts like

NaPF6 and NaClO4 have been shown to influence SEI formation

significantly, with additives like fluoroethylene carbonate (FEC) en-

hancing SEI stability and uniformity, thereby improving cycle life

and rate performance [34].

In high-rate applications, the electrolyte must also ensure rapid

ion transport and minimize interfacial resistance. For cathodes

based on layered oxides or polyanionic compounds, the electrolyte

must prevent undesirable side reactions, such as transition metal

dissolution or the formation of insulating surface layers, which

can degrade cathode performance at high currents [35,36]. Re-

cent studies have demonstrated that localized high-concentration

electrolytes (LHCEs) and ionic liquid-based electrolytes can sup-

press these side reactions while maintaining high ionic conduc-

tivity, enabling stable cycling at high rates. For example, LHCEs

have been shown to improve the rate capability of Na3V2(PO4)3
cathodes by forming a stable cathode-electrolyte interphase (CEI)

that minimizes metal dissolution and enhances sodium-ion diffu-

sion [37,38]. These advancements highlight the importance of tai-

loring electrolyte formulations to meet the specific demands of

high-capacity and high-rate electrode materials.

2.5. Nontoxicity and environmental sustainability

With increasing concern for the environment, sodium-based

electrolytes must be non-toxic and environmentally friendly. The

organic solvents and salts must be selected to minimize their envi-

ronmental impact during manufacture, use and disposal. Research

is underway to replace hazardous components such as fluorinated

salts with environmentally friendly alternatives such as sodium

bis(fluorosulfonyl)imide (NaFSI) or sodium trichloride (NaTf) [37].

In addition, aqueous electrolytes, including aqueous sodium ion

systems, are gaining traction owing to their inherent safety, non-

toxicity, and cost-effectiveness. These systems face challenges such

as a narrow window for electrochemical stability, but advances in

electrolyte additives and protective coatings have made significant

progress towards practicality [38].

2.6. Cost-effectiveness

Finally, the cost-effectiveness of sodium-based electrolytes is

also a crucial factor for the large-scale commercialization of SBBs.

Sodium resources are abundant and geographically distributed,

which is a clear advantage over lithium-based systems. Electrolyte

components, including sodium salts and solvents, should be read-

ily available and inexpensive to be produced on a large scale [39].

Solid electrolytes and ionic liquid-based systems are promising, but

synthesis and processing costs must be reduced to compete with

conventional liquid electrolytes [40].

3. Regulation strategies of organic liquid electrolytes

The design of organic liquid electrolytes involves a delicate bal-

ance of multiple factors, including the interactions between so-

lutes and solvents, as well as the incorporation of functional addi-

tives to address specific performance challenges. The regulation of

solute-solvent structure delves into the fundamental mechanisms

by which the interactions between sodium salts and organic sol-

vents can be tailored to optimize electrolyte properties [41]. This

includes a detailed analysis of sodium salt selection, concentration

regulation, and the incorporation of ionic liquid electrolytes, each

contributing to improved ionic conductivity, electrochemical stabil-

ity, and compatibility with electrode materials [42]. The ability to

finely tune these parameters is crucial for addressing the limita-

tions of conventional liquid electrolytes and advancing the proper-

ties of SBBs [43].

We also examine the role of electrolyte additives in overcoming

specific technical challenges. These include additives designed to

inhibit sodium dendrite growth, which is vital for improving bat-

tery safety and preventing short circuits; additives that enhance

the nonflammability of the electrolyte, thereby mitigating fire haz-

ards; and additives engineered for wide-temperature applications,

enabling reliable operation under extreme environmental condi-

tions [44]. These approaches aim to expand the applicability and

robustness of SBBs, paving the way for their widespread use in di-

verse energy storage scenarios.

3.1. Regulation of solute-solvent structure

The performance of SBB electrolytes is deeply influenced by the

careful regulation of sodium salts, encompassing both their selec-

tion and concentration [45]. The selection of sodium salts makes a

pivotal influence on determining the electrochemical stability, ionic

conductivity, and compatibility of organic liquid electrolytes, with

varied salts leading to distinct impacts on these key properties

[46,47]. Beyond selection, the regulation of sodium salt concentra-

tion is equally important, as it directly shapes the solvated struc-

ture of sodium organic liquid electrolytes [48]. This includes the

exploration of high-concentrated electrolytes and localized high-

concentrated electrolytes, which have shown promise in improv-

ing ionic mobility, reducing solvent decomposition, and stabiliz-

ing electrode interface. By examining both the influence of varied

sodium salts and the nuanced control of their concentrations, this

section will provide a comprehensive overview on the strategies
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to optimize the performance of organic liquid electrolytes for ad-

vanced SBBs.

3.1.1. Selection of sodium salts

Sodium salts are essential for enabling the transport of Na+

ions between the anode and cathode during charge and discharge

cycles, which is a vital determinant of the battery’s ionic conduc-

tivity, voltage stability, and overall efficiency. For an organic liq-

uid electrolyte to function effectively, the sodium salt must exhibit

high dissociation into Na+ ions, minimal ion-pair formation, and

compatibility with the electrolyte’s solvent to facilitate rapid ion

transport [49]. Moreover, the salt must possess a suitable electro-

chemical stability window, ensuring that it does not undergo de-

composition or side reactions under typical operating conditions

[50].

At present, there are two sodium salts which are commonly

used in organic liquid electrolytes, NaPF6 and NaClO4. The complex

and ambiguous internal mechanisms of micro-interface chemistry

have prevented consensus on the most suitable sodium salts

for high-performance sodium electrolytes, which hindered their

further development. In order to reveal and compare the different

interfacial chemical effects of NaPF6 and NaClO4, Cheng et al.

dissolved NaClO4 and NaPF6 sodium salts in PC/EMC/DMC/FEC

solvents for evaluation and comparison as electrolytes for sodium-

ion batteries [51]. Through molecular dynamics (MD) calculations

(Figs. 2a and b), combined with the analysis of corresponding

radial distribution function (RDF) data, the NaPF6/EMC/DMC/FEC

electrolyte exhibits characteristics of a typical solvent-separated

ion pair structure. Both the solvent molecules and the PF6
− anions

participate in the primary Na+ solvation sheath. Similarly, the

ClO4
− anions are also involved in the Na+ solvation structure.

The average coordination numbers for the PF6
− and ClO4

− anions

are 2 and 3, respectively, indicating that the binding between

Na+ and ClO4
− ions is significantly stronger than that between

Na+ and PF6
− ions. Because of such variations, the anions in the

electrolyte exhibited different distribution features, with PF6
−

preferentially decomposing into a stable inorganic compound-rich

cathode-electrolyte interphase (CEI). This CEI layer, primarily

composed of NaF, Na2O, and other inorganic species, acts as

a protective barrier that suppresses further electrolyte decom-

position and minimizes side reactions at the cathode surface.

Furthermore, the inorganic-rich CEI facilitates efficient sodium-ion

transport, thereby improving the overall cycling performance and

longevity of the battery. The Na||Na symmetrical cell with the

NaPF6 exhibited the most profound performance of cycling over

1000h (Fig. 2c). As research progresses, analyzing the solvated

structure of electrolytes is a newly emerging research hotspot

in recent years. From this perspective, Zhou et al. reported the

mechanisms behind Na+ solvation structure, particularly the type

and location of the anions, can play critical roles in determining

the Na anode performance (Fig. 2d) [52]. It was concluded that

ClO4
- and CF3SO3

- can remain close to the Na-metal surface owing

to high degrees of freedom (ClO4
-) or the strong reaction with

Na+ (CF3SO3
-), leading to severe side reactions and low CE. In

contrast, according to the proposed model, PF6
- has dielectric

interactions and degrees of freedom and can be kept away from

the electrode as using DME solvents, resulting in a stable cycling

in Na||Na symmetric cell for over 1050h (Fig. 2e). This study

further confirmed the prior properties brought by NaPF6.

Although compared to NaClO4, NaPF6 exhibits a competitive

ionic conductivity, there are still limitations to be addressed. For

example, the high sensitivity to hydrolysis is problematic due to

the formation of toxic HF as well as sodium fluoride and POF3 [53].

From the perspective of industrialization, the presence of PF6 and

Fig. 2. MD simulations of different electrolyte solvation structures: images of (a) NaPF6-E and (b) NaClO4-E. (c) Schematic diagrams of solvation structures with NaPF6-E and

NaClO4-E. Reprinted with permission [51]. Copyright 2023, American Chemical Society. (d) Schematic illustration of strategies used for stabilizing the sodium metal anode.

(e) The voltage−time curves of Na||Na symmetrical cells using 3 electrolytes. Reprinted with permission [52]. Copyright 2020, American Chemical Society. (f) General scheme

of the synthetic routes to prepare a wide range of borate anions. (g) EIS Nyquist plots of fresh and aged Na[B(hfip)4]·DME (red), Na[B(pp)2]·3DME (orange) and Na[B(pp)2]

(blue) using impedance spectroscopy. (h) Discharge gravimetric capacity (filled circles) and efficiency (non-filled circles) vs. cycle number collected from the first 12 cycles

at an approximate constant current rate of C/5. Reprinted with permission [54]. Copyright 2022, Wiley-VCH.
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its toxic decomposition products increases the difficulty of subse-

quent recycling of batteries. Targeting at these problems, Ould et

al. proposed a strategy of using sodium borate as an electrolyte for

SBBs (Fig. 2f) [54]. Electrochemical studies have shown that Na[B-

(hfip)4]·dimethyl ether have excellent electrochemical properties of

a lower impedance and higher discharging capacity (Figs. 2g and

h). In addition, the [B(pp)2] anions also show high tolerance to air

and water. Anionic species containing IL-based matrices, including

tetrafluoroborate (BF4
-), TFSI-, FSI-, and trifluoromethanesulfonate

(Tf-), also exhibit excellent chemical stability and non-toxicity [55].

These sodium salts with large anionic groups also provide consid-

erable ionic conductivity. The sole drawback is that electrolytes

containing these sodium salts, as well as carbonate-based elec-

trolytes with sodium salts, are prone to severe aluminum corrosion

[56]. Another drawback of NaPF6 salt is its strong dependence on

solvent, which can limit its utilizing scenarios. In contrast, NaDFOB

has good compatibility with varied solvents commonly utilized in

SBBs, exhibiting striking properties for wide application. Addition-

ally, NaDFOB has good stability and is less likely to produce toxic

substances [57]. Due to its excellent suitability for a wide range of

battery materials, NaDFOB can be used to explore more novel bat-

tery materials.

3.1.2. Regulation of sodium salt concentration

Adjusting the concentration of sodium salts in organic liquid

electrolytes is an effective strategy for improving the performance,

safety, and lifespan of SBBs. By precisely controlling the salt con-

centration, the solvation structure of sodium ions can be opti-

mized, leading to enhanced electrolyte stability and electrochem-

ical performance [58]. High concentration electrolytes (HCEs) and

localized high-concentration electrolytes (LHCEs) are twn the ex-

ploration of novel SBB technologies with high energy density in-

novative approaches that have been developed to achieve these

goals. They can offer unique mechanisms and advantages that sig-

nificantly mitigate the limitations of conventional electrolytes.

By significantly increasing the molar ratio of sodium salt to

solvent, HCEs create a highly concentrated solvation environment

where sodium ions are surrounded by a reduced number of solvent

molecules and an increased presence of counterions, leading to the

formation of contact ion pairs (CIPs) and ion aggregates [59]. This

altered solvation structure minimizes the reactivity of free solvent

molecules, thereby suppressing parasitic reactions and enabling the

formation of a stable and dense SEI [60]. Additionally, HCEs offer

a broadened electrochemical stability window, improved compati-

bility with sodium metal anodes, and enhanced resistance to den-

drite growth. These advantages, underpinned by the unique ionic

and molecular interactions in HCEs, make them a transformative

approach in the pursuit of high-performance, durable, and safe

sodium-based energy storage systems [61].

Based on this mechanism, Lu et al. obtained a HCE whose solu-

bility exceeded the limit by using 3A zeolite molecular sieve mem-

brane to compensate for the lack of energy density in sodium-ion

batteries (Fig. 3a) [62]. Raman and FT-IR spectra of various elec-

trolytes were carried out in their study. As shown in Fig. 3b, with a

special solvation structure of the HCE (Fig. 3c), 4.0 and 4.25V class

batteries were enabled to achieve energy densities of up to 369

and 372Wh/kg, respectively. Furthermore, this strategy extends the

lifespan of 4.0V class anode-free batteries to over 250 cycles.

Nevertheless, HCEs have disadvantage of necessarily containing

large amounts of high-cost salts and poor viscosity [63]. Thus, as

a solution, diluents, unlike conventional solvents, are introduced

as salt-insoluble secondary solvents to alleviate the above draw-

backs. These electrolytes are localized high concentration elec-

trolytes (LHCE) and have exhibited considerable potential in many

energy-storage systems. The main properties of LHCE for the uti-

lization in SMBs can be concluded in three aspects: (1) It can

efficiently lower the concentration of sodium salt, increase the

conductivity, reduce the viscosity, and optimize the wettability of

the electrolyte; (2) LHCE enables the dendrite-free Na plating and

helps to form a stable anode-electrolyte interface; (3) LHCE facil-

itates kinetics for Na metal deposition [64]. As a practice, Zheng

et al. designed a 2.1mol/L NaFSI/DME-BTFE (1:2) LHCE, delivering

a modified solvated structure (Fig. 3d). A Na‖NVP battery with

this LHCE achieved a discharge capacity of 66.4 mAh/g even after

40,000 cycles (90.8 % capacity retention) [65].

Moreover, the application of LHCE can convert the redox pro-

cess for sulfur from conventional solution precipitation chem-

istry to a quasi-solid-state reaction, eliminating NaPS transport

and facilitating dendrite-free plating and stripping of sodium

metal. Based on this concept, as shown in Fig. 3e, He et al. de-

signed a LHCE consisting of NaFSI, dimethoxy-ethane (DME) and

1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) [64].

The adopted solvated electrolyte structure achieved an initial ca-

pacity in a sodium-sulfur battery of up to 922 mAh/g in 300 cycles

with a capacity decay rate as low as 0.10%.

The regulation of sodium salt concentration in organic liquid

electrolytes has proven to be a pivotal strategy in overcoming key

challenges associated with SBBs. HCEs and LHCEs exemplify inno-

vative approaches that enhance interfacial stability, suppress den-

drite formation, and broaden electrochemical stability windows

through tailored solvation environments [66].

3.1.3. Ionic liquids

The development of ionic liquid electrolytes for SBBs represents

a pivotal innovation in overcoming the limitations of typical or-

ganic liquid electrolytes. Ionic liquids, consisting of bulky, asym-

metric organic cations paired with inorganic or organic anions, of-

fer unique physicochemical properties, including negligible vapor

pressure, wide electrochemical stability windows, and exceptional

thermal stability [67,68]. Such characteristics make ionic liquids a

promising alternative for designing safer and more reliable elec-

trolytes.

Mechanistically, it is believed that ionic liquids enable supe-

rior sodium-ion transport due to their inherent ionic conductivity

and their ability to form stable solvation structures around sodium

ions, which suppress side reactions and support the formation of

a uniform and stable SEI [69]. Since pyrrolidine-based ionic liq-

uids are the most commonly applied ionic liquid electrolytes, it

is considered of interest to study the ability of pyrrolidine-based

ionic liquids to build stable SEIs. Using AFM and molecular dynam-

ics simulations to elucidate the effects of interfacial chemistry in

sodium electrolytes, Rakov et al. showed the way of a molten salt

composition on the electrode surface led to higher rate dendrite-

free metal cycling [70]. This ionic liquid electrolyte would induce

the formation of a more robust SEI (Figs. 4a and b). This optimiza-

tion of the interfacial properties was also confirmed by the electro-

chemical advancements of an ultra-concentrated C3mpyrFSI||NaFSI

cell which can cycle for 3500 cycles with a high capacity-retention

(Fig. 4c). Sun et al. investigated the interface properties of car-

bon mesoporous anodes (CMK) in a super-concentrated ionic liquid

electrolyte (3.8mol/L NaFSI in C3mpyrFSI) [71]. An anion-derived

inorganic SEI was found to form on the surface of the anode using

ionic liquid electrolytes, with a capacity of up to 320 mAh/g and a

stable cycling of 3500 cycles.

Furthermore, the non-flammability of many ionic liquids sig-

nificantly enhances the safety profile of these systems, making

them suitable for next-generation high-energy-density applications

[72]. A mixture of AlCl3 and 1-ethyl-3-methylimidazolium chloride

([EMIm]Cl) is considered as an ideal electrolyte material owing to

its high electrical conductivity, low volatility and favorable thermal

stability, in addition to its non-flammability. As shown in Fig. 4d,

Sun et al. proposed a safe and efficient ionic liquid electrolyte for
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Fig. 3. (a) A high-voltage anode-free Na battery is constructed by optimizing the electrolyte aggregation through using a 3A zeolite molecular sieve. (b) Raman and FT-IR

spectra of various electrolytes. (c) Schematic diagram of the relationship between electrolyte solvation structure and oxidative stability. Reprinted with permission [62].

Copyright 2022, Wiley-VCH. (d) Schematic illustration of dilution from a HCE to a LHCE. Reprinted with permission [65]. Copyright 2018, American Chemical Society. (e)

Illustration of the charge/discharge processes in conventional electrolytes and LHCE. Reprinted with permission [64]. Copyright 2021, American Chemical Society.

SBBs based on NaCl buffered AlCl3/[EMIm]Cl [73]. This Na-Cl-IL

ionic liquid electrolyte combines the benefits of safety, long cycle

stability and economy (Figs. 4e and f).

Ionic liquid electrolytes offer a groundbreaking approach to ad-

vancing SBB technologies, characterized by superior thermal sta-

bility, electrochemical robustness, and safety. Their ionic composi-

tion enables the formation of stable solvation structures and solid

electrolyte interphases (SEIs), addressing challenges like interfa-

cial degradation and flammability in conventional systems [74,75].

Non-flammable formulations further enhance their safety profile.

Future research should prioritize reducing viscosity to enhance

ionic conductivity, optimizing molecular designs for scalability, and

exploring novel chemistries to expand functionality.

3.2. Functional additives for SBB electrolytes

Functional additives are making an increasingly important in-

fluence in the design of organic liquid electrolytes. The design or

screening of additives can effectively optimize the electrolyte di-

rectly for a particular property. It has been proved that different

kinds of electrolyte additives play excellent roles in assisting inter-

face generation, inhibiting the growth of sodium dendrites, realiz-

ing non-flammable electrolytes, and widening the working range

of electrolytes [76]. In this section, we will explore the mechanism

of these additives in detail.

3.2.1. Additives for inhibiting na-dendrite growth

The growth of sodium dendrites in organic liquid electrolytes is

a critical challenge that severely impacts the performance, safety,

and longevity of SBBs [77]. Sodium dendrites, formed during re-

peated charge-discharge cycles, can penetrate the separator and

create internal short circuits, leading to catastrophic failure and

thermal runaway. Furthermore, dendrite growth increases the in-

terfacial area, exacerbating undesirable side reactions such as elec-

trolyte decomposition and the continuous formation of unsta-

ble SEI [78]. Addressing this issue is essential for enabling the

widespread adoption of SBBs, particularly in applications demand-

ing high energy density and safety.

One of the most promising approaches to mitigate dendrite

growth is the incorporation of functional additives into organic liq-

uid electrolytes. These additives can create a more uniform and

compact sodium metal layer during plating and stripping [79].

Some additives can also adjust the sodium ion solvation envi-

ronment, promoting even ion flux and deposition. For instance,

electrolyte additives such as metal salts, fluorinated compounds,

ionic liquids have been shown to promote the formation of sta-

ble SEI with superior ionic conductivity and mechanical robustness,

thereby suppressing dendrite initiation and propagation [80].

Fluorinated compounds, such as fluoroethylene carbonate (FEC),

are common electrolyte additives known for their ability to con-

struct stable solid electrolyte interphases (SEIs) [81]. These addi-

tives form fluorine-rich interfacial layers on the surface of sodium

anodes, effectively suppressing the growth of sodium dendrites.

As a practice, Yi et al. reported a low-flammable electrolyte with

NaPF6 in DME, FEC, and HFPM [82]. The NVP||Na cell has a high

capacity-retention of 94% after 2000 cycles with an average CE of

99.9 % in the presence of FEC with HFPM.

The SEI induced by fluorine-containing additives in sodium-

based electrolytes primarily consists of NaF. Currently, research has

expanded to explore novel additives designed to generate new SEI

components and investigate their potential to enhance battery per-

formance [83]. Chen et al. established a typical rational strategy for

cation additives by incorporating a range of cation additives into

the NaPF6-DME electrolyte (Fig. 5a) [84]. The effect of cation ad-
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Fig. 4. (a) Schematic illustration of Na solvation and diffusion across the SEI layer

and CMK bulk material, respectively. (b) Simplified SEI compositions on the CMK

anode under ILs and carbonate electrolytes. (c) Cycling stability tests of Na/CMK

cells in carbonate and ionic liquid electrolytes at the current density of 0.1 A/g for

the initial 10 cycles, followed by 0.5 A/g for the remaining cycling properties of the

buffered Na-Cl-IL electrolyte. Reprinted with permission [70]. Copyright 2021, Amer-

ican Chemical Society. (d) Schematic illustration of the battery configuration and

electrolyte composition of the IL electrolyte. (e) Thermal stability and (f) flammabil-

ity tests using buffered Na-Cl-IL and conventional 1.0mol/L NaClO4 in EC:DEC (1:1,

v/v) with 5wt% FEC electrolytes. Scale bars in (f), 1 cm. Reprinted with permission

[73]. Copyright 2019, Springer Nature.

ditives on the stability and solventized structure of the electrolyte

was investigated by means of first principles calculations. By an-

alyzing the CE and charge/discharge properties of Na||Cu batter-

ies (Figs. 5b and c), the electrolyte with added lithium ions was

proved to deliver a favorable electrostatic shielding effect and ex-

cellent CE of near 100%. Moreover, as shown in Fig. 5d, Tian and

coworkers devised an in-situ method to form a stable NaI SEI [85].

Through an in-situ optical microscopy observation (Fig. 5e), stable

SEI was found to form in Na-NaI||Na-NaI symmetrical cells in car-

bonate electrolyte at a constant current of 1.0mA/cm2. The capac-

ity of the designed Na-NaI||NaVPO4F cell was maintained at 1020.0

mAh/g after 200 cycles at a current density of 200mA/g, with

98.8% capacity retention. First-principles calculations revealed that

the diffusion barrier of the NaI SEI layer is much lower than that

of sodium fluoride.

As most electrolyte additives have limited solubility and poor

compatibility in other electrolytes, they usually work only in spe-

cific electrolytes, which greatly restricts their applications. To ad-

dress this problem, Li et al. developed an electrolyte additive

that is highly compatible with a wide range of electrolytes, ni-

trofullerene (C60(NO2)6) (Fig. 5f) [86]. As illustrated in Fig. 5g,

(C60(NO2)6) allows sodium metal electrodes to be produced with-

out sodium dendrites in carbonate and ether-based electrolytes. As

demonstrated, a Na||Cu half-cell supplemented with nitrofullerene

showed a high CE of 99.4% and good cycling stability of over 450

cycles in such electrolytes.

Recent advancements in SBB research have highlighted the

potential of certain multifunctional additives that contribute

simultaneously to the formation of a stable SEI on the sodium

anode and a robust cathode-electrolyte interface (CEI) on the

cathode. These dual-functional additives enhance interfacial stabil-

ity on both electrodes, mitigating sodium dendrite growth while

suppressing side reactions at the cathode [87,88]. For example,

Jiang et al. conducted experiments in Na||NVP cells by adding

N,O-bis(trimethylsilyl)triflfluoroacetamide (BSTFA) to a 0.3mol/L

NaPF6 in EC/PC (1:1, v/v) electrolyte [89]. A CEI is formed by

the decomposition of the BSTFA additive, which scavenges HF

and H2O, preventing the hydrolysis of NaPF6 and suppressing

the formation of corrosive byproducts. The CEI, rich in NaF and

organic components, provides a stable, ion-conductive barrier

that mitigates cathode degradation, reduces interfacial impedance,

and improves cycling stability, especially under high-rate and

high-temperature conditions. As shown in Fig. 5h, the addition

of BSTFA conducted a smooth and stable interface, which can be

interpreted by the narrower LUMO-HOMO gap of BSTFA compared

to PF6
-, PC and VC (Fig. 5i). The cell delivered a 92.63% capacity

retention rate after 1955 cycles and a capacity of over 105 mAh/g

at 40 C, verifying that the electrolyte after addition successfully

evoked the generation of stable SEI and CEI, which ensured the

cycling performance robustness of the sodium metal battery.

The integration of functional additives into organic liquid elec-

trolytes presents a compelling strategy for mitigating sodium den-

drite growth, a key barrier to advancing SBB technology. Their

effectiveness arises from modulating ion solvation environments,

stabilizing surface energy, and ensuring uniform sodium-ion flux.

Continued exploration of novel additive chemistries and syner-

gistic interactions holds significant promise for optimizing both

safety and electrochemical performance, enabling durable, high-

performance sodium-based energy storage systems.

3.2.2. Additives for a nonflammable electrolyte

The flammability of conventional electrolytes, particularly those

based on organic solvents, poses significant risks to the safety and

stability of battery systems. To mitigate these concerns, various ad-

ditives have been investigated to enhance the nonflammability of

the electrolyte without compromising the battery’s electrochemical

performance. The integration of such additives is essential for ad-

vancing the practical application of SBBs, especially in areas where

safety is paramount, especially in electric vehicles and large-scale

energy storage systems [90].

Organophosphates, with their wide liquid temperature range,

low viscosity, high salt solubility and particularly non-flammable

properties, have been used as flame retardant additives and co-

solvents in lithium batteries [91]. These organic phosphates, and

some fluorinated phosphates, are able to capture the free radicals

H∗ and HO∗ produced in combustion chain reactions through the

free radical [P] released by the phosphate [92].

Trimethyl phosphate (TMP) is one of the suitable of the or-

ganic phosphates for using as an electrolyte because of its good

chemical stability and high dielectric constant [93]. As a practice,

Wang et al. developed a 3.3mol/L NaFSA/TMP fire-extinguishing

electrolyte used in Na-ion batteries [94]. Compared to the con-

ventional carbonate and nonflammable electrolytes, this concen-

trated electrolyte combined a favorable intercalation behavior of

cations together with distinguished safe property (Fig. 6a). Flame

tests of laboratory-made 3.3mol/L NaFSA/TMP electrolyte and

conventional 1.0mol/L NaPF6/EC:DEC (1:1, v/v) electrolyte were
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Fig. 5. (a) Schematic diagrams of the role of cation additives: Without additives and with additives. (b) Coulombic efficiency of Na-Cu half cells. (c) Voltage profiles of the

1st, 100th, 200th, and 500th cycle of Na-Cu half cells. Reprinted with permission [84]. Copyright 2020, Elsevier. (d) A schematic diagram of the Na metal anode with stable SEI

layer and pristine SEI. (e) In situ optical microscopy observations of sodium electrodeposition process in Na/Na and Na-NaI/Na-NaI symmetrical cells in carbonate electrolyte.

Reprinted with permission [85]. Copyright 2018, Elsevier. (f) Schematic illustration of the effect of C60(NO2)6 additive on the Na+ deposition behavior. (g) In-situ optical

observations of Na plating/stripping behaviors at a current density of 0.1mA/cm2 in the carbonate electrolyte and the 1mmol/L C60(NO2)6 added carbonate electrolyte.

Reprinted with permission [86]. Copyright 2021, Elsevier. (h) Proposed reaction mechanisms of the BSTFA additive in the SMB. (i) Frontier molecular orbital energies of the

PF6
-, EC, PC, and BSTFA. Reprinted with permission [88]. Copyright 2021, Elsevier.

made to substantively demonstrate the fire-extinguishing func-

tion (Fig. 6b). Furthermore, this electrolyte delivered prior perfor-

mance in sodium-ion batteries with an average Coulombic effi-

ciency reached 99.4% at C/5 and the cycling life of the battery can

attain up to >1200 cycles. As a further step, Zhao et al. experi-

mentally searched for the most suitable TMP addition ratio [95]. In

the experiments, NaClO4-EC/PC electrolytes with 15, 20 and 25wt%

TMP content were tested separately for their respective electro-

chemical properties. The experimental results show that 15wt% is

an ideal amount of TMP to add.

In exception to organophosphates, H atoms in carbonate salts

or ether solvents can be replaced by F to significantly increase

their flash points and reduce the flammability of organic solvents

[96]. When the F/H ratio exceeds high enough, the solvent will be-

come completely non-flammable [97]. Based on this view, Zheng et

al. incorporated a temperature-sensitive perfluorinated-2-methyl-

3-pentanone (PFMP) fire extinguishing agent into a FEC/propylene

carbonate-based electrolyte, making the designed electrolyte com-

pletely non-flammable (Fig. 6c) [98]. Simultaneously, because of

the FEC, SEI was stably formed, the cycling performance of the bat-

tery was thus guaranteed. The Na||NVPF full cell delivered a pro-

found rate performance and over 100 mAh/g at 5 C (Fig. 6d).

In conclusion, through the careful selection and optimization of

additives, it is possible to significantly reduce the flammability of

the electrolyte while maintaining or even improving electrochem-

ical performance [99]. Future research could focus on the devel-

opment of new additive materials that not only improve safety

but also offer compatibility with high-performance battery archi-

tectures.

3.2.3. Additives for wide temperature range SBBs

Additives in organic liquid electrolytes are pivotal in achiev-

ing wide temperature adaptability for SBBs, addressing critical

challenges such as ionic conductivity at low temperatures and

thermal stability at high temperatures [100]. These functional

additives, often used in small concentrations, can significantly

modify the electrolyte’s physicochemical and electrochemical

properties. Moreover, the synergistic design of additive-electrolyte

combinations, tailored through advanced molecular engineering,

optimizes ion solvation dynamics and ensures uniform sodium-ion

flux across diverse temperatures [101].

The de-solvation process typically exhibits a high energy

barrier and its kinetics become temperature sensitive, so it is

often perceived as the rate-determining step in low temperature

(LT) sodium metal batteries, especially in high-rate cycling [102].

Furthermore, due to the fragility of SEI films under low tem-

perature, dendrite growth on the sodium anode is more severe,

hindering the cycling stability of the battery [103]. Aiming at

solving these problems, Zhou et al. achieved a high-rate SMB at

LT by modulating the Na+ solvation structure (Fig. 7a) [104]. The

introduction of tetrahydrofuran (THF) co-solvent largely facilitated

the de-solvation process of Na+. Besides, with the enhancement of

the anion-cation coordination number, anion-derived NaF-rich SEI

can be formed. Another attempt by Wang et al. demonstrated that
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Fig. 6. (a) Intercalation behavior of cations (red spheres) into a carbonaceous anode in various electrolytes. (b) Flame tests of laboratory-made 3.3mol/L NaFSA/TMP elec-

trolyte and conventional 1.0mol/L NaPF6/EC:DEC (1:1, v/v) electrolyte. Reprinted with permission [94]. Copyright 2018, Springer Nature. (c) Flammability test of N-FEP,

N-FEP+P and N-FEPH+P. (d) Rate performance of the Na/NVPF full cells using the N-EP or N-FEPH+P electrolyte. Reprinted with permission [98]. Copyright 2020, Royal

Society of Chemistry.

Fig. 7. (a) Illustration of the high-rate SMBs at low temperature. Reprinted with permission [104]. Copyright 2022, Elsevier. (b) A temperature-dependent galvanostatic

cycling of Na||Na symmetric cells at 0.2mA/cm2 and 0.1 mAh/cm2. (c) Galvanostatic cycling of Na||Na symmetric cells at 0.5mA/cm2 and 0.25 mAh/cm2 at −80 °C (pink

zone). Reprinted with permission [105]. Copyright 2022, Springer Nature. Plating/stripping efficiency of the Na/Cu cells at increasing temperatures with (d) the NaPF6-ED and

(e) the NaTFSI-SFH electrolyte. The cycling was conducted at 1.0mA/cm2 and 2.0 mAh/cm2. Reprinted with permission [106]. Copyright 2022, American Chemical Society.

(f) Galvanostatic discharge/charge profiles of graphite anodes in 1mol/L NaPF6 G2 electrolyte at different temperatures. (g) Na co-intercalation voltage in graphite anodes at

different concentrations of G2-based electrolytes plotted as a function of operating temperature. (h) Long-term cycling performance of Na ion full cells at 1 A/g for 1000

cycles. Reprinted with permission [108]. Copyright 2019, Springer Nature.

trifluoromethanesulfonate (OTF) can expand the operating temper-

ature of sodium metal to a value of −40 °C [105]. As demonstrated

in Na||Na symmetric cells (Figs. 7b and c), a 0.5mol/L NaOTf

in DEGDME/DOL (2:8) exhibited the best performance in low

temperature.

Apart from low-temperature SBBs, progresses have also been

achieved in the study of high temperature SBB electrolytes. Zheng

and coworkers achieved a fast anodic passivation of sodium by a

NaFSI-SFH electrolyte [106]. As compared in Figs. 7d and e, in a

Na||Cu cell tested in wide temperature range, the NaTFSI-SFH elec-

trolyte introduced to a better CE of 90% than the CE of 20% led by

a NaPF6-ED electrolyte under 60 °C. Xu et al. reported a synergis-

tic regulation of electrolytes and electrodes [107]. Using a 1mol/L

NaPF6 G2 electrolyte, the sodium-ion battery was demonstrated
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stable cycling performances under different temperature conditions

(Figs. 7f and g). The sodium ion battery delivered an extremely low

capacity-fading rate of 0.007% per cycle over 1000 cycles, together

with a wide temperature range of 0–60 °C (Fig. 7h).

4. Regulation strategies of aqueous liquid-state electrolytes

The application of aqueous-based electrolytes in SBBs, espe-

cially in sodium-ion batteries, can improve the sodium utiliza-

tion rate and form a more stable electrolyte-electrode interface.

Generally, aqueous-based electrolytes are composed of solvent and

sodium salt solute, while deionized water is typically used as sol-

vent instead of organic solvents. Theoretically, this composition can

enable the electrolyte to achieve high ionic conductivity and non-

flammability [108].

However, there are also deficiencies to be addressed for aque-

ous SBBs. The ESW for water is narrow as 1.23V, meaning that

the energy density and long-cycling performance of aqueous SBBs

is limited by water decomposition [109]. This characteristic also

puts strict requirements on the selection of electrode materials in

aqueous SBBs. Towards these limitations, optimization strategies

for aqueous electrolytes will be analyzed through the four aspects

of pH regulation, hydrogen bonding regulation, additive introduc-

tion and salt concentration regulation.

4.1. pH regulation

Adjusting the pH of the electrolyte in aqueous SBBs is essential

for enhancing performance and extending lifespan. The pH directly

affects key electrochemical reactions, particularly the hydrogen

evolution reaction (HER) at the anode and the oxygen evolution

reaction (OER) at the cathode [110]. Alkaline pH reduces proton

availability, increasing the overpotential for HER and thereby

suppressing hydrogen gas evolution. However, this shift also low-

ers the overpotential for OER, accelerating oxygen evolution and

reducing efficiency.

The mechanisms underlying these improvement methods in-

clude suppressing HER at the anode, stabilizing SEI formation, and

improving ionic conductivity. These factors collectively enhance

battery efficiency and cycling performance [111]. Carefully tuned

pH regulation, in combination with advanced material design, is

a promising pathway to realizing the full potential of aqueous

sodium-based energy storage systems.

Based on the above theory, Wu et al. proposed a novel aque-

ous sodium-ion battery applying an alkaline-type electrolyte to-

gether with a Mn-based Prussian blue analogue cathode (Fig. 8a)

[112]. The fluorine-free NaClO4 electrolyte was alkaline and suc-

cessfully inhibited the HER reaction on the NaTi2(PO4)3 anode. As

a result, the developed battery exhibited long-term performance of

13,000 cycles at 10 °C and an energy density of 88.9Wh/kg at 0.5 °C

Fig. 8. (a) Schematic for H3O
+ accumulation mechanism on electrode surface coated with Ni/C in the alkaline electrolyte. (b) Long-term cycling stability for NMF||NTP

full cell with Ni/C coating at 10 C. (c) Schematic diagram of the proportion of Na+ and H+ in 1mol/L Na2SO4 solution and the ratio of the number of two ions. (d) Tafel

curves of different current densities in different concentrations of the Na2SO4 electrolyte. Reprinted with permission [112]. Copyright 2024, Springer Nature. (e) Schematic

diagram of the HER process. (f) The cyclic voltammetry (CV) curves of NVP at 0.1mV/s in 2mol/L NaClO4 in H2O electrolyte. (g) The schematic illustration of comparison

between 17mol/L NaClO4–100wt% H2O and 4.5mol/L NaClO4–4wt% H2O-96wt% PED electrolytes. Reprinted with permission [118]. Copyright 2021, American Chemical

Society.
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(Fig. 8b). Besides, they also analyzed the impact of varied concen-

tration of Na2SO4 by Tafel tests (Figs. 8c and d). Ionization in aque-

ous solutions can thus be demonstrated to cause the presence of

competing ions (H+) in addition to the active ion. To further ex-

plore such phenomenon, Li et al. conducted research on the com-

petition mechanism of Na+ and H+ in aqueous SBBs [113]. Methods

taken include modelling, simulation and experimental validation,

especially involving the resolution of the reaction trends of the two

ions (Na+ and H+) through calculations of the Gibbs free energies.

It was found that the change in Gibbs free energy fundamentally

determines the activity of the reaction. When the Na+ concentra-

tion is fixed and only the H+ concentration is changed, the higher

the pH, the more delayed the generation of bubbles, which means

an inhibition of HER. pH regulation lies a critical factor in optimiz-

ing the performance and stability of aqueous electrolytes for SBBs.

By maintaining an appropriate pH range, it is possible to mitigate

issues such as water decomposition, electrode corrosion, and unde-

sirable side reactions, thereby improving the overall electrochemi-

cal stability of the system.

4.2. Hydrogen bond regulation

In aqueous systems, hydrogen bonding among water molecules

and between water molecules and dissolved ions plays a piv-

otal role in determining the electrolyte’s physical and chemical

properties [114]. However, unregulated hydrogen bonding can

result in undesirable effects, such as accelerated water decom-

position and limited electrochemical stability windows, which

hinder the efficiency and longevity of aqueous SBBs [115]. By

modulating the hydrogen bond network, it is possible to alter

the electrolyte’s structural and dynamic properties to suppress

parasitic reactions, enhance sodium-ion transport, and stabilize

the electrode–electrolyte interface [116,117].

As a practice, Nian et al. added dimethyl sulfoxide (DMSO) to

an aqueous electrolyte of NaClO4 to change the solvated struc-

ture of the aqueous solution through the construction of hydrogen

bonds (Fig. 8e) [118]. As shown in Fig. 8f, the cyclic voltammetry

curves of NVP delivered stability during the cycles at 0.1mV/s in

2mol/L NaClO4 in H2O electrolyte. In this way, the ESW of wa-

ter is expanded and the NVP electrode undergoes a multi-electron

electro-redox reaction with a discharge capacity of 180 mAh/g

under 0.5 A/g (Fig. 8g). As a further attempt, Ding et al. pro-

posed a molecular bonding electrolyte in which polyethylene gly-

col dimethyl ether (PED) further reduced the activity of water as a

hydrogen bond binder and acceptor [119]. With this strategy, aque-

ous NaTi2(PO4)3||Na3V2(PO4)3 full cells achieved an energy density

of 47 kW/kg at 1 °C after 100 retention cycles and exhibited neg-

ligible capacity drop with a high average coulombic efficiency of

99.8 % after 1000 cycles.

As for hydrogen bond regulation, recent efforts to adjust the

solvent composition and integrate specific additives have demon-

strated the potential to optimize the solvation environment for

better electrochemical stability and efficiency. A deeper under-

standing of the precise mechanisms governing hydrogen bonding

interactions in these systems is essential for further improvements

and the development of high-performance aqueous electrolytes.

4.3. Additives in aqueous electrolytes

In aqueous sodium electrolytes, the use of additives mainly

broadens the scenarios of applications, meaning that they can be

used coupled with a wider range of electrodes. Moreover, the in-

troduction of some additives enables aqueous SBBs to operate un-

der extreme temperature conditions [120].

An advance achieved through the introduction of additives is

the improved fit between sodium-based aqueous electrolytes and

electrodes. Mn-Fe Prussian blue analogues are considered as ideal

cathodes in aqueous SBBs. However, because the John-Teller twist-

ing effect, these materials exhibit a rapid decay in capacity dur-

ing cycling in aqueous batteries [121]. Targeting on this, Liang et

al. introduced Na4Fe(CN)6 into a highly concentrated NaClO4 based

aqueous electrolyte to achieve a cation trapping effect [122]. The

introduction of the additive enables the timely filling of Mn va-

cancies formed on the surface of the non-substituted Prussian blue

cathode (NaFeMnF) during cycling (Fig. 9a), inhibiting the cathode

corrosion. As a result, the aqueous sodium-ion full cell realized an

energy density of 94Wh/kg under 0.5 A/g and a discharge capacity

retention of 73% after 15,000 cycles under 2 A/g.

Apart from the high capability with electrodes, achieving the

applicability of aqueous SBBs at low temperatures is of great re-

search significance. This objective can be realized with the intro-

duction of antifreeze additives. Zhu et al. introduced CaCl2 as an

antifreeze additive in 1mol/L NaClO4 aqueous electrolyte [123].

The optimized electrolyte exhibited an ionic conductivity of up to

7.13 mS/cm at even −50 °C. The light microscopes images of the

3.86mol/L CaCl2 +1mol/L NaClO4 electrolyte are shown in Fig. 9b

and no obvious ice crystals from −40 °C to −100 °C during cool-

ing process was observed. Furthermore, when tested at −30 °C,
the batteries using this electrolyte can achieve an ultra-long cy-

cle stability of 6000 cycles without significant capacity degradation

(Fig. 9c).

The incorporation of additives into aqueous electrolytes for

SBBs offers a promising strategy to enhance electrolyte stability,

ionic conductivity, and overall battery performance. Further re-

search is needed to identify new additive systems and optimize

their integration for enhanced overall performance.

4.4. Salt concentration regulation

Regulation of salt concentration in the electrolyte of aqueous

SBBs is a major research topic. A "water-in-salt" (WiS) structure,

whose ratio of solute (salt) to solvent (water) by mass or volume

is greater than 1, is a unique solvation environment in which water

molecules are highly coordinated by salt ions [124]. The WiS struc-

ture significantly reduces the availability of free water molecules,

suppressing the decomposition reactions associated with water.

This suppression extends the ESW, allowing compatibility with

high-voltage cathodes and reducing the risk of gas evolution and

other side reactions that compromise battery efficiency and safety

[125]. Additionally, the dense ionic environment in WiS electrolytes

can enhance ionic conductivity by promoting efficient sodium-ion

transport and minimizing the formation of ion pairs or aggregates

[126].

However, the formulation of the WiS electrolyte is highly re-

lied on the solubility of the selected salt, which imposes a strict

limit on the number of possible WiS systems [127]. To address

this problem, a new series of inert cation-supported WiS (IC-WiS)

electrolytes containing inert tetraethylammonium cations (TEA+)
was reported by Jiang et al. [128]. This Na IC-WiS electrolyte with

an ultra-high concentration of 31mol/kg showed a wide ESW of

3.3V and inhibits transition metal dissolution from the cathode

(Fig. 9d). Validated in a full cell with a NaTiOPO4 anode and Prus-

sian blue analog Na1.88Mn[Fe(CN)6]0.97–1.35H2O cathode, this elec-

trolyte helped to achieve a capacity retention of 76% after 800 cy-

cles at 1 C (Fig. 9e). Another study by Suo and coworkers expanded

the ESW of sodium-ion aqueous electrolytes through designing a

NaWiS based on sodium trifluoromethanesulfonate (NaCF3SO3, or

NaOTF), which formed a Na+-conducting SEI on the surface of the

NaTi2(PO4)3 anode and effectively inhibited HER (Fig. 9f) [129]. The

aqueous Na-ion full batteries applying this electrolyte delivered a

long cycle life of over 1200 cycles at rate of 1 C (Fig. 9g).
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Fig. 9. (a) Unit cell structural changes of NaFeMnF during three phase transitions. Reprinted with permission [119]. Copyright 2023, Springer Nature. (b) Polarizing microscope

observation of 3.86mol/L CaCl2 +1mol/L NaClO4 electrolyte and 1mol/L NaClO4 electrolyte during cooling process, respectively. (c) Cyclic performances of the full cell at

1 C under −30 °C. Reprinted with permission [123]. Copyright 2022, Wiley-VCH. (d) The electrochemical voltage window of 9mol/kg NaOTF electrolyte and Na IC-WiS

electrolyte from the linear sweep voltammetry measurements performed in the three-electrode cell at the scanning rate of 10mV/s. (e) Long-term cycling performance of

the NaMnHCF||NaTiOPO4 full battery. Reprinted with permission [128]. Copyright 2020, Wiley-VCH. (f) The molar and weight salt/solvent ratios in NaOTF-H2O binary system.

(g) at high rate (1 C) with the corresponding initial voltage profiles presented in inset. Reprinted with permission [129]. Copyright 2017, Wiley-VCH.

By increasing the salt concentration, WiS system achieves a

high ionic conductivity while minimizing water decomposition and

side reactions, thus extending the ESW. The unique properties

of WiS electrolytes make them a promising candidate for high-

performance aqueous SBBs.

5. Regulation strategies of solid-state electrolytes for SBBs

Conventional organic liquid electrolytes, with their outstanding

ionic conductivity, have been successfully used in most SBBs, but

safety concerns with these volatile and ignitable liquid electrolytes

have severely hampered their utilization in large-scale energy stor-

age. To solve this problem, the all-solid-state SBB was developed.

Solid state electrolytes, owing to their mechanical properties, non-

flammability, wide ESW and thermal stability, are considered to

be competitive alternatives applied in SBB electrolytes especially

in terms of safety concern [130,131].

Although there are advantages brought by the composite and

structure, solid-state electrolytes still have their drawbacks com-

pared to organic liquid electrolytes. Solid-state electrolytes are

mainly facing major challenges of poor interfacial properties, low

sodium ion transfer number and low ionic conductivity [132].

Based on the current problems, researches on solid-state elec-

trolytes have two main research directions. One is to optimize the

performance of solid-state electrolyte-electrode interface, and the

other is to improve the sodium ion transfer number and ionic con-

ductivity.

5.1. Solid-state electrolyte-electrode interface regulation

In order to effectively improve the interface properties of solid-

state electrolytes, two main methods, in-situ modulation and ex-

situ modulation, have been developed. The in-situ construction

method refers to the reaction of the designed solid electrolyte

material directly on the electrode surface to generate the interfa-

cial layer, while the ex-situ approach emphasizes the optimization

of the interface through the migration of key substances to react

at the interface by using electrochemical reaction kinetics [133].

These methods provide a flexible and effective way to optimize the

interfacial compatibility, stability and ionic conductivity between

solid-state electrolytes and electrodes.

5.1.1. In-situ strategies of interface regulation

The in-situ modulation method focuses on forming a desirable

modification layer at the interface or changing the interfacial prop-

erties directly by adjusting the composition, structure, or reac-

tion conditions of the material [134,135]. This strategy involves

the deliberate construction of functional interfacial layers through

the exploitation of spontaneous chemical transformations occur-

ring among the battery components during operation. The in-situ
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Fig. 10. (a) Schematic illustrations representing the potential SEI formation processes with EO10-CTRL electrolyte. (b) Rate capability and long-term stability of Na/NVP

full cell at ∼0.2mA/cm2. Reprinted with permission [138]. Copyright 2022, Springer Nature. (c) Schematic illustration of the ultrasound solid welding method. Reprinted

with permission [140]. Copyright 2021, Springer Nature. (d) Optical image of the wettability of sodium metal on the surface of NZSP (left) and NZSP-0.75% CuO (right) at

150 °C. (e) The illustration for electrochemical reaction process across sodium metal/ceramic electrolyte interfaces. (f) Gibbs free energy change (�G) of reaction between

CuO and Na at room temperature. Reprinted with permission [146]. Copyright 2022, American Chemical Society. (g) Comparison of unstable Na-Na3SbS4 interface and stable

Na-CPEO-Na3SbS4 interface. (h) Galvanostatic voltage profile of the cell cycled at a current density of 0.1mA/cm2 for 0.5 h Na plating/stripping during each cycle at 60 °C
[147]. Copyright 2019, American Chemical Society.

interfacial layers form through controlled chemical reactions, yield-

ing tailored properties of high ionic conductivity, low electronic

conductivity, and chemical stability [136].

An efficient method of in-situ developing a stable interface is

the introduction of additives into solid-state electrolytes. Additives

like perfluorinated polyether (PFPE) domains into PEO-based elec-

trolytes can form a self-organizing microstructure and improve the

mechanical stability of the polymer electrolyte [137]. As reported

by Wang et al., solid-state sodium metal batteries utilizing a PFPE-

added POC electrolyte (Fig. 10a) exhibited stable rate capability

(Fig. 10b) and an excellent CE of 99.91% at even 80 °C [138].

Apart from forming an in-situ interface with additives, the

development of new materials is also effective in the re-

search of interface in-situ formation [139]. Zheng et al. pro-

posed a hybrid network structure consisting of octa-peaked (3-

glycidyloxypropyldimethylsiloxy)octasilsesquioxane (octa-poss) and

amine-terminated polyethylene glycol (PEG) with NaClO4 [140].

At current densities of 0.1 and 0.5mA/cm2, this electrolyte was

experimentally demonstrated to be stable for respectively >5150

and 3550h cycles. Another practice by Wang and co-workers

presented a room-temperature ultrasonic solid-welding route to

modify the interface between Na metal and Na3Zr2Si2PO12 (NZSP)

inorganic solid electrolyte (Fig. 10c) [141]. Benefitting from this ul-

trasound interface, the UW-Na|Na3Zr2Si2PO12|Na3V2(PO4)3 cell can

be operated for 900 cycles with a high-capacity storage of 89.81%.

Forming desirable modification layers at the interface or di-

rectly altering interfacial properties through adjustments to mate-

rial composition, structure, or reaction conditions can effectively

mitigate issues such as dendrite growth, side reactions, and inter-

facial resistance faced by solid-state electrolytes [142]. Further re-

search is needed to optimize these strategies through mechanism

exploration and better understand their long-term effects on bat-

tery performance.

5.1.2. Ex-situ strategies of interface regulation

The ex-situ modulation involves improving the interfacial prop-

erties through additional processing steps, such as surface coat-

ing and interfacial intercalating, at the time of material prepara-

tion [143]. This method involves the pre-construction of functional

interfacial layers or the incorporation of specially designed fillers

into the solid electrolyte matrix. These fillers, which can include

functional additives or chemically reactive components, migrate to

the electrode surface during battery operation under the influence

of electric field forces or concentration gradients. At the interface,

they participate in chemical or electrochemical reactions to form a

stable, functional interfacial layer. The application of electrochem-

ical reaction kinetics in this process allows precise modulation of

the interface properties, ensuring optimal performance [144].

Additionally, ex-situ methods provide a degree of control over

the composition and structure of the interface that is difficult to

achieve through in-situ processes, enabling tailored solutions for

specific battery chemistries [145].

As a practice of the ex-situ strategies, Sun and coworkers pro-

posed an interface dynamic control (IDC) approach to enable the

robust operation of NASICON solid sodium cells [146]. At first,

the addition of a copper oxide effectively promotes the densi-

fication of Na3Zr2Si2PO12, resulting in an ionic conductivity of

1.74×10–3 S/cm at 25 °C and better contact with sodium metal

surface (Fig. 10d). After a long-term cycling under 0.1mA/cm2, the

intimate interfacial contact between the sodium metal and the NA-

SICON electrolyte were still maintained, effectively inhibiting the

growth of dendrites (Fig. 10e). As illustrated in Fig. 10f, Cu2+ in
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NASICON matrix or the excess at the grain boundary can react

with Na metal owing to the sufficiently negative �G, improving

the Na wettability onto NZSP and decreasing interfacial contact re-

sistance. Another work by Hu et al. demonstrated that cellulose-

poly (ethylene oxide) (CPEO) interlayers can stabilize the interface

between a Na3SbS4 electrolyte and Na metal anode by shutting

down the electronic pathway for electrolyte decomposition reac-

tions (Fig. 10g) [147]. In their experiments, 800 stable cycles of Na

plating/stripping at 0.1mA/cm2 were achieved in an all-solid-state

sodium-ion battery at 60 °C (Fig. 10h).

By employing additional processing steps such as surface coat-

ing modifications and the introduction of interfacial intercalation

during material preparation, these strategies can improve the inter-

facial stability, ionic conductivity, and resistance to side reactions.

Surface coatings, for instance, can provide protective layers that

prevent degradation, while intercalation can facilitate more sta-

ble ion transport at the interface. Although these approaches have

shown promise, further research is necessary to optimize their ef-

fectiveness and ensure compatibility with diverse electrode mate-

rials and operational conditions.

5.2. Regulation of ion transport properties

In exploring the path to improve the performance of solid-state

SBBs, the optimization of the sodium ion transfer number and

ionic conductivity has become a core focus of the research. In order

to achieve this goal, researchers have adopted two effective strate-

gies: one is to construct more efficient and stable ion transport

channels by designing and preparing composite solid-state elec-

trolytes; the other is to implement substance doping techniques in

solid-state electrolytes in order to modulate their microstructures

and chemistries, thereby promoting sodium ion migration and en-

hancing the overall conductivity of the electrolytes [148,149].

5.2.1. Regulation of ion transport by compositing

Designing composite electrolytes represents an essential strat-

egy to enhance ion transport properties, especially the Na+ trans-

fer number and ionic conductivity in solid-state SBBs [150]. Ho-

mogeneously compositing materials can enhance ion transport

through the synergistic effects of their constituent materials.

For example, incorporating MOFs into polymer matrices provides

highly ordered and rigid frameworks that facilitate directional

sodium-ion transport while simultaneously preventing the crystal-

lization of the polymer phase [151]. Similarly, blending two poly-

mers with complementary properties, such as flexibility and high

ionic conductivity, ensures a balance between mechanical robust-

ness and efficient ion transport [152]. These modifications also re-

duce the accumulation of concentration gradients during opera-

tion, mitigating polarization and enhancing rate performance.

Based on these mechanisms, Guo et al. developed a three-

dimensional fiber-reinforced polymer electrolyte (ATFPE) for anion

trapping by incorporating a poly(ethylene oxide) matrix into an

electrostatically spun fiber backbone with an ordered arrangement

of organometallic backbones (Fig. 11a) [153]. The continuous three-

dimensional channel allows for rapid Na+ transport (Fig. 11b), re-

sulting in superior ionic conductivity, and the ligand-abundant un-

saturated cation sites exposed on the MOF can effectively retain

anions. Building on these advantages, ATFPE possessed an ionic

Fig. 11. (a) Schematic illustration of the internal structure of the ATFPE. (b) Schematic illustration of the Na plating behavior in the ATFPE and FPE electrolytes. (c) The

Na+ concentration distribution and electric field distribution in the ATFPE and FPE electrolytes during the Na plating process at 0.05mA/cm2. Reprinted with permission

[153]. Copyright 2023, Wiley-VCH. (d) Schematic representation of the Na+ transport behavior and electrode/electrolyte interface in the NFM/PVC/Na battery assembled

by a conventional ex situ method and c-NFM/PVC-CPE/Na battery assembled by a one-step in situ solidification method. Reprinted with permission [154]. Copyright 2019,

American Chemical Society. (e) Schematic illustration of synthesis procedures for WS2 or WO2-doped Na3SbS4. Reprinted with permission [161]. Copyright 2022, Elsevier. (f)

Ionic conductivity and (g) Arrhenius plots of WS2-doped Na3-xSb1-xWxS4 and WO2-doped Na3-xSb1-xWxS4–2xO2x (x=0 and 0.05) samples. (h) Schematic of a general NASICON

structure. (i) Arrhenius plots of nominal composition NSZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) between 25 °C and 100 °C. Reprinted with permission [156]. Copyright 2021,

Wiley-VCH.
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conductivity of 1.10×10–4 S/cm at even 60 °C and considerable

Na+ transfer number of 0.63, coupled with enhanced interfacial

stability (Fig. 11c). As another practice, a new PVC-based composite

polymer electrolyte (PVC-CPE) was reported by Chen et al. [154].

As shown in Fig. 11d, the solid-state battery with PVC-CPE as elec-

trolyte, c-NFM as cathode and sodium metal as anode realized an

excellent electrochemical performance with a relatively high spe-

cific capacity of 104.2 mAh/g for initial discharge at 0.2 C and a

superior specific capacity of 80.2 mAh/g at 1 C.

The modulation of ion transport properties through composit-

ing has been commonly used in organic solid polymer electrolyte

systems. This approach has been successful in achieving an in-

crease in the ion transport rate by reducing the crystallinity of the

solid-state electrolyte and introducing fast ion transport [155]. As a

research perspective, solid-state electrolytes with further enhanced

ion transport properties are expected to be developed based on

solid-state polymers and materials such as MOFs and covalent or-

ganic frameworks (COFs). Furthermore, as a hybrid of organic and

inorganic materials, the compounding of organic solid electrolytes

with inorganic solid electrolytes will be presented in the next sec-

tion on novel hybrid electrolytes.

5.2.2. Regulation of ion transport by element doping

Many pristine solid electrolytes exhibit suboptimal ionic con-

ductivity due to rigid lattice structures or unfavorable sodium-ion

migration pathways. Doping provides a targeted approach to allevi-

ate these issues by introducing controlled structural distortions or

creating additional vacancies and interstitial sites, which facilitate

easier and faster sodium-ion migration. Dopants can alter the elec-

trostatic environment within the crystal lattice, reducing migration

barriers and widening ion channels [156]. They may also induce

lattice expansion or contraction, creating structural flexibility that

promotes ion diffusion. Additionally, doping can introduce charge

compensation effects, leading to the formation of sodium vacan-

cies or interstitial sites that further enhance ionic transport [157].

For instance, in NASICON-type materials, doping transition metals

such as aluminum, titanium, or zirconium is particularly benefi-

cial. These elements enhance the stability and conductivity of the

three-dimensional framework by adjusting the Na–O bond strength

and increasing the availability of energetically favorable migration

pathways [158].

Inspired by the benefits brought by the dopants, Wang

et al. reported that a Sc3+-doped Na3Zr2Si2PO12 could be a

promising electrolyte for solid-state sodium-ion batteries [159].

This Na3.4Zr1.6Sc0.4Si2PO12 electrolyte possesses the most superior

sodium ion conductivity of 1.77×10–3 S/cm at room tempera-

ture. Moreover, a Na3V(PO4)3/Na3.4Zr1.6Sc0.4Si2PO12/Na solid-state

sodium full battery maintained a discharge capacity of 98.7m Ah/g

discharge capacity at 1 C over 300 cycles at room temperature.

To further analyze the element doping effect, Sun et al. prepared

a class of Na3+xScxZr2-xSi2PO12 (0≤ x≤0.5) (Fig. 11h) [160]. Ionic

conductivity (Fig. 11f) and Arrhenius plots (Figs. 11g and i) of

WS2-doped Na3-xSb1-xWxS4 and WO2-doped Na3-xSb1-xWxS4–2xO2x

(x=0 and 0.05) samples were carried out to analyze the im-

pact of varied x. It is demonstrated that in samples with x≤0.3,

the acceleration of sodium ion motion is led by an increase in

sodium ions at the Na2 site and a decrease at the Na1 and Na3
sites. For x>0.3, the movement narrows down due to a dras-

tic change in the sodium ion distribution, which is triggered by

an alteration of the phase from a monoclinic to a rhombohedral

phase.

Through element doping, a high ionic conductivity can also

be achieved in a sulfide-based solid-state electrolyte. For instance,

Weng et al. proposed a strategy for improving Na3SbS4 elec-

trolytes by co-doping tungsten and oxygen atoms [161]. A solid

electrolyte with an atomic composition of Na2.95Sb0.95W0.05S3.9O0.1

was synthesized using the melt quenching method (Fig. 11e). The

all-solid TiS2||Na cell using this electrolyte exhibited profound

cycling stability by maintaining a capacity of 115 mAh/g after

50 cycles.

By finely tuning the electrolyte properties through element

doping, researchers have successfully overcome the ionic conduc-

tivity issues faced by sodium-based solid-state electrolytes. In the

future, with the continuous progress of materials science and elec-

trochemical theory, the regulation through element doping tech-

nology will be expected to further promote the commercialization

of solid-state SBBs.

6. Quasi-solid-state electrolyte – a novel strategy

In the quest to develop novel sodium-based battery (SBB) tech-

nologies with high energy density, long cycle life, and superior

safety, hybrid electrolytes have emerged as a prominent area of re-

search. By ingeniously combining the benefits of materials in dif-

ferent physical states (solid and liquid), these electrolytes seek to

address the limitations of traditional single-phase electrolytes, such

as low ionic conductivity, inadequate interfacial stability, and safety

concerns [162].

QSSEs typically consist of a solid polymer or inorganic matrix

infused with a small amount of liquid or gel electrolyte, creat-

ing a hybrid system that enhances ion transport while maintaining

mechanical integrity [163]. The mechanisms behind their superior

properties lie in their unique hybrid architecture. The liquid com-

ponent provides efficient ion mobility through highly conductive

channels, while the solid framework ensures mechanical stability,

suppresses dendrite formation, and supports long-term cycling sta-

bility. Additionally, QSSEs form stable electrode–electrolyte inter-

faces, reducing interfacial resistance and mitigating side reactions

[164].

6.1. Design based on polymers

Polymers can exhibit advantages of high flexibility, tunable

chemical properties, and potential for improved ion conductivity.

The meticulous selection of polymer materials can effectively fa-

cilitate sodium ion transport while maintaining mechanical stabil-

ity and chemical compatibility with the battery components. While

this strategy holds the promise of enhanced battery safety, energy

density, and cycling stability, it also poses challenges, including the

need for rigorous screening processes to identify optimal polymer

candidates and the potential for reduced ionic conductivity com-

pared to liquid electrolytes [165]. Despite these limitations, the po-

tential benefits of polymer-based QSSEs in SBBs justify the pursuit

of this innovative design strategy.

As a practice, Kumar et al. explore the use of ionic liquids

in conjunction with polymer screening to develop carbonate-free

Na-ion conducting gel polymer electrolytes [166]. These elec-

trolytes are prepared by entrapping sodium triflate salt in an

ionic liquid within a PVDF-HFP polymer matrix. The resulting

electrolytes exhibit improved structural and thermal stability. As

a further attempt, Tian et al. incorporated Na3Zr2S2Si2PO12 and

poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) compos-

ite membranes into QSSE to provide a new channel with fast ionic

conductivity at the organic-inorganic interface (Fig. 12a) [167]. This

electrolyte can achieve a high ionic conductivity of 4.1mS/cm and

a Na+ transport number of 0.54 at room temperature. Furthermore,

such design realized an outstanding long-cycling stability in sym-

metric (≈ 700h) sodium batteries (Fig. 12b).

In addition to achieving high mechanical stability and high ionic

conductivity, the rational choice of polymers also enables the ap-

plication of quasi-solid SBBs at low temperatures. The study by

Zhao et al. proposed a quasi-solid sodium battery electrolyte based
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Fig. 12. (a) Mechanism analysis diagram of the PVDF-HFP organic–inorganic interface. (b) Voltage–time curves of sodium metal plating/stripping in a Na|CQSSE|Na cell.

Reprinted with permission [167]. Copyright 2024, Wiley-VCH. (c) Schematic of the solvation environment in LCE and PDGE electrolyte systems. (d) Long-term cyclability of

cells with PDGE and LCE at 3 C and −20 °C. Reprinted with permission [168]. Copyright 2023, Wiley-VCH. Schematic illustrations of the Na nucleation and growth behaviors

on (e) bare NASICON/Na interface and (f) ZIF-62–650-NASICON/Na interface. (g) Cycling performance for Na symmetric cells with NASICON and ZIF-62–650-NASICON SSEs at

0.1mA/cm2. Reprinted with permission [170]. Copyright 2021, Wiley-VCH. (h) Distribution modes of Na+ and TFSI- in TPDBD and TPDBD-CNa. (i) Cycling performance of the

Na|TPDBD-CNa-QSSE|NVP/C tiled pouch cell at 12mA/g for 160 cycles. Reprinted with permission [172]. Copyright 2023, Springer Nature.

on 1,3-dioxolane polymers (Fig. 12c) [168]. This electrolyte, PDGE,

exhibited high ionic conductivity (3.68mS/cm at −20 °C) and a Na+

transference number of 0.7. Consequently, the Na/Na3V2(PO4)3 cell

with PDGE shows exceptional low-temperature performance, re-

taining 99% capacity over 1000 cycles at −20 °C (Fig. 12d).

In the realm of sodium-based QSSEs, by meticulously screening

polymers with tailored architectures, such as those exhibiting high

dielectric constants and favorable segmental motion, researchers

can enhance sodium ion transport while maintaining structural in-

tegrity. Furthermore, incorporating functional groups that promote

sodium ion solvation and facilitating cross-linking strategies to ad-

just the microstructure, allows for the creation of electrolytes that

strike a balance between fluidity and solid-like behavior.

6.2. Design based on organic frameworks

In the pursuit of innovative SBB QSSEs, the utilization of con-

ductive organic frameworks, such as metal-organic frameworks

(MOFs) and covalent organic frameworks (COFs), presents a novel

and intriguing design strategy. Compared to polymer-based QSSEs,

such frameworks can offer higher porosity and potentially superior

ionic conductivity owing to their well-defined structures. Due to

their crystalline nature, MOFs and COFs can offer ordered channels

for efficient sodium ion transport, coupled with their intrinsic sta-

bility that contributes to enhanced mechanical properties, enable

the precise control of pore architectures and surface chemistries

[169]. However, they also pose synthesis challenges and may ex-

hibit lower flexibility compared to polymers. This section explores

the design strategies employing MOFs and COFs in QSSEs, elucidat-

ing their mechanisms, advantages and the inherent limitations that

necessitate further research and development.

MOFs offer highly ordered porous structures with tunable pore

sizes and functionalizable surfaces, which facilitate precise con-

trol over sodium ion transport pathways. Additionally, the versa-

tility in metal ion and organic linker selection allows for the tai-

loring of electrochemical and mechanical properties, making MOFs

a promising material for achieving optimal electrolyte performance

in SBBs. As a practice, Miao et al. reported a scalable approach to

in-situ form intimate intercalations of liquid MOFs on the surface

of NASICON solid electrolytes [170]. As is compared in Figs. 12e

and f, the MOF-modified NASICON exhibited prior Na nucleation

and growth behaviors, and finally contributed to profound cycling

stability in symmetric cells (Fig. 12g). Also based on MOFs, Yu et

al. developed an IL loaded UIO-66 based sodium ion electrolyte

for room temperature quasi-solid-state sodium batteries [171]. The

conductivity of the UIO-66 electrolyte was 3.6×10–4 S/cm for the

grafted UIO-66 (UIOSNa) quasi-solid electrolyte.

As another organic framework material, COFs can also of-

fer favorable characteristics as MOFs when applied in QSSEs.

While MOFs also exhibit porosity, COFs often demonstrate greater

structural rigidity and thermal stability. For instance, inspired by

Na+/K+ conductance in biofilms, Yan et al. reported a (-COO-)
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modified covalent organic framework (COF) as a QSSE with

subnanometre-sized Na+ transport regions (6.7–11.6A) [172]. As il-

lustrated in Fig. 12h, such COF-based electrolyte enabled selective

Na+ transport along specific electron static regions, resulting in a

Na+ conductivity of 1.30×10–4 S/cm. Furthermore, the Na|TPDBD-

CNa-QSSE|NVP/C tiled pouch cell delivered a stable cycling for 160

cycles at 12mA/g, further demonstrated the advanced properties of

the QSSE (Fig. 12i).

Organic frameworks, including MOFs and COFs, exhibit unique

yet complementary characteristics. Both MOFs and COFs offer

highly porous structures with tailorable pore sizes, facilitating ef-

ficient ion transport. Their crystalline nature endows them with

structural stability and well-defined ion conduction pathways. Fu-

ture research may focus on enhancing their chemical and thermal

stability, exploring novel framework topologies, and optimizing ion

transport properties, paving the way for advanced semi-solid-state

sodium battery electrolytes.

7. Conclusion and perspectives

This review provides a comprehensive overview of the state-

of-the-art advancements in electrolytes for sodium-based batter-

ies (SBBs), encompassing organic liquid electrolytes, aqueous elec-

trolytes, solid-state electrolytes, and quasi-solid-state electrolytes

[173]. Through an in-depth analysis of the targeting characteristics,

design principles, and regulation strategies of these electrolyte sys-

tems, this work aims to offer insights into the critical factors that

govern the performance and safety of SBBs.

To provide a comprehensive overview of the diverse design

strategies and electrochemical performances of liquid-state elec-

trolytes, Table 1 summarizes the key aspects of both organic liq-

uid and aqueous electrolytes discussed in this review. The organic

liquid electrolytes, owing to their high ionic conductivity and flex-

ibility in compositional tuning, have been the cornerstone of SBB

research [174]. However, their flammability and potential for den-

Table 1

Summary of varied liquid-state electrolytes used in SBBs and their performance characteristics.

Electrolyte Type Cathode Anode Initial capacity

(mAh/g)/rate

Final capacity

(mAh/g)/cycles

Refs.

1.1mol/L NaFSI-NaNO3-TMP Organic NFM Na 130/0.2 C 104/500 [2]

NaOTf/NaBF4-diglyme Organic NVP Na 58/1 Ah/cm2 52/80 [41]

NaPF6-ETC-FEC Organic NVPF Na 109/0.5 C 95/250 [42]

NaDFOB Organic NFPP HC 90/2 C 88.8/1000 [43]

NaTFSI-PC-FEC-InI3 Organic S@MPCF Na 984/0.5 C 648/500 [44]

NaPF6/LiDFOB-FEC-FEMC Organic NVPOF Na 83/1 C 75/1800 [45]

Na[P1(DMA)3][FSI] Organic NaFePO4 Na 125/0.1 C 100/112 [47]

NaCF3SO3 Organic HSAC HSAC 283/200mA/g 278/100 [48]

NaOTF Organic O2/CO2 Na –/200mA/g 1000/100 [49]

NaDFOB-EC/DMC Organic PB Na 89.4/15 C 83/1000 [50]

NaPF6 Organic NFPP Na 86.2/1 C 70/800 [51]

NaPF6-DME Organic NVP Na 73.12/20 C 66.4/40,000 [52]

NaCF3SO3-TREGDME Organic Sn-C Na 128/50mA/g 125/130 [56]

NaFSI-AN-HCE Organic C5O5Na2 HC 112/10 C 64/100 [63]

NaFSI-DME/TTE Organic S Na 923/0.1 C 922/300 [64]

LHCE-SbF3 Organic NVP Na 110/2 C 91/1400 [66]

NaTFSI-[Py13][FSI] Organic NFM Na 152/0.5 C 141/150 [67]

NaI-NH3 Organic PAQS Na 218/5 C 218/300 [68]

Na-Cl-IL Organic NVFP@rGO Na 90/300mA/g 80/700 [73]

Na[BMIM]Ac Organic PC@MoS2 360/1 A/g 311/1000 [74]

0.1mol/L NaBF4–0.9mol/L NaPF6 Organic NFM HC 123/0.2 C 80/100 [79]

NaFSI-DME-FEC Organic Na4Fe3(PO4)2(P2O7) Na 110/0.5 C 109/300 [81]

NaPF6-FRE Organic NVP Na 102/0.5 C 76/800 [82]

NaI-DME Organic NaVPO4F Na-NaI 103.2/200mA/g 102/200 [85]

C60(NO2)6 Organic NVP Na 106/1 C 89/1000 [86]

NaPF6-EC/PC/BSTFA Organic NVP Na 113.35/2 C 105/1955 [88]

NaTFSI-TEP-FEC+Sn(OTf)2 Organic S Na 1015/0.5 A/g 906/100 [89]

NaFSI-NaTFSI-FEC Organic S Na 800/0.2 A/g 565/500 [90]

2mol/L NaTFSI-TMP-FEC Organic SPAN Na 980/1 C 788/300 [91]

NaTFSI-TEP/FEC Organic NVPF Na 140/- 115.5/300 [92]

TMP/FEC/DTD Organic PB Na 86/5 C 75.68/1850 [93]

NaFSA-TMP Organic HC Na 280/0.2 C 266/1200 [94]

NaClO4-EC/PC/TMP Organic S Na –/1 C 423/200 [95]

NaPF6-TMP/FEPE/FEC Organic NFM HC 129.9/1 C 92/500 [96]

NaPF6−MeTHF-THF-AN Organic HC Na 299/0.1 A/g 240/700 [100]

NaPF6 in diglyme Organic NFPP@C Bi 300/4 A/g 265/100 [101]

NaDFOB-EC/PC/EP-SN Organic NVP Na 107/5 C 94/3000 [102]

NaPF6-PC-PFPN Organic Na2/3Mn1/2Ni1/3O2 Na 82/0.3 C 80/140 [103]

THF/DME Organic NTP Na 47.2/1 C 45.1/400 [104]

NaOTf-DEGDME/DOL Organic NVP Na 72.3/22mA/g 68/100 [105]

NaFSI-SFH Organic NVPOF Na 130/1 C 119.2/500 [106]

Alkaline-NaClO4 Aqueous NTP NMF 76/10 C 56/13,000 [112]

Na2SO4 Aqueous NVP PTCDI 80/0.5 C –/200 [113]

PDMA4–4–1 Aqueous NVP NTP 106/2 C 87.8/580 [115]

NaClO4-DMSO Aqueous NVP NVP 100/5 C 90/300 [118]

NaClO4-PED Aqueous NVP NTP 41/5 C 35.26/1000 [119]

17.6mol/L NaClO4 Aqueous NaFeMnF PTCDI 64.7/2 A/g 47.5/15,000 [122]

3.86mol/L CaCl2-1mol/L NaClO4 Aqueous Na2CoFe(CN)6 Active carbon 74.5/1 C 48.3/1000 [123]

17mol/L NaClO4–2mol/L NaOTF Aqueous NVP NVP 40/1 C 37/100 [124]

9.26mol/L NaCF3SO3 Aqueous Na0.66[Mn0.66Ti0.34]O2 NTP 21/1 C 19.5/1200 [125]

Na0.29TEA0.71OTF-19H2O Aqueous NaMnHCF NTP 31/1 C 23.6/800 [128]
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drite formation pose significant safety concerns. The exploration of

high-concentration electrolytes and ionic liquids has demonstrated

promising improvements in thermal stability and interfacial com-

patibility, albeit at the cost of higher viscosity and reduced ionic

conductivity. The introduction of functional additives has further

fine-tuned the properties of organic liquid electrolytes, addressing

challenges such as dendrite growth and electrolyte flammability.

Aqueous electrolytes, with their high ionic conductivity, low cost,

and non-flammability, represent an attractive alternative for SBBs

[175]. However, their narrow electrochemical stability window lim-

its the selection of suitable electrode materials. Strategies such as

pH regulation, hydrogen bond modulation, and additive engineer-

ing have been employed to widen the electrochemical window and

stabilize the electrolyte-electrode interface, enabling the develop-

ment of high-performance aqueous SBBs [176].

Solid-state electrolytes, particularly those predicated on NA-

SICON and sulfide substrates, exhibit unparalleled attributes in

safety and thermal stability, rendering them as prime candidates

for deployment in large-scale energy storage systems. Nonetheless,

they are beset with notable challenges, namely their inherently

low ionic conductivity and deficient interfacial contact with elec-

trodes [177]. Recent progress in material design, encompassing

the exploration of novel crystalline architectures and interface

engineering techniques, has markedly elevated the performance

metrics of solid-state electrolytes. The synergistic integration of

solid-state electrolytes with liquid counterparts, exemplified by the

advent of quasi-solid-state electrolytes, presents a viable strategy

for harnessing the complementary strengths of both systems.

Such quasi-solid-state electrolytes, with their tunable porosity,

mechanical flexibility, and enhanced ionic transport properties,

are regarded highly versatile across diverse battery chemistries.

The design paradigm for these electrolytes necessitates a nuanced

equilibrium between fluidic and solid-like attributes, a feat achiev-

able through the judicious selection of polymeric and organic

frameworks [178]. As elucidated in Table 2, solid-state and quasi-

solid-state electrolytes have witnessed substantial advancements

in ionic conductivity and long-cycling performance, paving the

way for their practical application in the future.

In conclusion, the development of electrolytes for SBBs repre-

sents a multifaceted challenge that necessitates a deep understand-

ing of material properties, interfacial dynamics, and battery perfor-

mance. Conclusively, targeting the key factors including interfacial

properties, ion conductivity, chemical stability and thermal robust-

ness, researchers have adopted two ideologies of main structure

design and functional additive doping for the optimization of the

SBB electrolytes, and realized the design and regulation of the elec-

trolytes through both in-situ and ex-situ techniques [179]. While

significant progress has been made in enhancing the safety, energy

density, and cycle life of SBBs, numerous challenges remain. Future

research should focus on the following directions:

(1) Material innovation: Continued exploration of novel elec-

trolyte materials, including ionic liquids, solid electrolytes, and

quasi-solid-state electrolytes, with enhanced ionic conductivity,

thermal stability, and interfacial compatibility.

(2) Interface engineering: Development of advanced interface

engineering strategies to optimize the interaction between elec-

trolytes and electrodes, minimizing interfacial resistance and en-

hancing battery performance.

(3) Integrated system design: Integrating electrolyte develop-

ment with advancements in electrode materials, separators, and

battery packaging to achieve synergistic improvements in battery

performance.

(4) Advanced characterization techniques: Employing advanced

characterization techniques to gain deeper insights into the solva-

tion structure, ion transport mechanisms, and interfacial chemistry

of electrolytes in SBBs.

(5) Scalability and cost-effectiveness: Addressing the scalability

and cost-effectiveness of novel electrolyte materials to enable their

commercialization in large-scale energy storage systems.

From a further development perspective, efforts are required to

improve the environmental friendliness of SBB for widespread in-

dustrial applications. This includes the development of non-toxic,

biodegradable electrolytes and the reduction of hazardous sub-

stances in battery components. It is also important to optimize

SBB recycling strategies to minimize environmental impact and re-

source consumption. Future research should focus on developing

closed-loop recycling processes, improving material recycling effi-

ciency and exploring alternative electrode materials with a smaller

environmental footprint.

In summary, the ongoing evolution of electrolyte technology

holds the key to unlocking the full potential of SBBs as sustainable

and cost-effective energy storage solutions. Through continuous in-

Table 2

Summary of varied solid-state electrolytes used in SBBs and their performance characteristics.

Electrolyte Ionic conductivity

(mS/cm)

Cathode Anode Initial capacity

(mAh/g)/rate

Final capacity

(mAh/g)/cycles

Refs.

Na3Zr2Si2PO12-TiO2 0.66 NVP Na 102/0.2 C 86/100 [130]

Na3Zr2Si2PO12–10wt% Na2B4O7 1.72 NVCP Na 112/30mA/g 77/200 [131]

Na3.4Zr1.9Zn0.1Si2.2P0.8O12 5.27 FeS2 Na 196/0.5 C 133/300 [136]

SnF2-NZCSPO 1.46 NVP Na 98.7/1 C 78.96/300 [137]

EO10-CTRL 0.1 NVP Na 87.2/2 C 85.0/940 [138]

POSS-4PEG2K(NaE16) 0.256 NVP Na 305/15 mA/g 123/50 [140]

Na3Zr2Si2PO12 0.43 NVP Na 110/0.1mA/cm2 98.8/900 [141]

AlF3-NASICON 0.2415 NVP Na 111/1 C 89.6/100 [143]

CuO-Na3Zr2Si2PO12 1.74 Na2V1.5Cr0.5(PO4)3 Na 95/100mA/g 83/300 [146]

CPEO-Na3SbS4 1 Na Na – –/800 [147]

0.5Na2O2-TaCl5 4.62 Na0.85Mn0.5Ni0.4Fe0.1O0.2 Na15Sn4 104/0.1 C 69/500 [148]

NZSPF0.7 1.41 NVP Na 87/0.5 C 83/100 [149]

ATFPE 0.11 NVP Na 88/1 C 69/1000 [154]

PVC-CPE 0.12 NFM Na 92.4/1 C 80.2/250 [155]

Na3Zr1.6Sc0.4Si2PO12 1.77 NVP Na –/1 C 98.7/300 [156]

NaNbCl4O 0.103 Na0.7Fe0.3Mn0.65Al0.05O2 Na3Sn 155/0.1 C 105/30 [158]

Na3.3Zr1.7Pr0.3Si2PO12 1.27 NVP Na 109.1/0.5 C 106.5/100 [160]

Na2.95Sb0.95W0.05S4.9O0.1 8.49 TiS2 Na –/0.1 C 115/50 [161]

PVDF-HFP 4.1 NVP Na 105/500mA/g 88/2100 [167]

ZIF–62–650-NASICON – NVP Na 105.1/1 C 90/500 [170]

Na-IL/UIOSNa 0.36 Na3Ni1.5TeO6 Na –/– 76.5 % retention/100 [171]

TPDBD-CNa 0.13 NVP Na 87.7/60mA/g 83.5/1000 [172]
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novation and interdisciplinary collaboration, we anticipate signifi-

cant breakthroughs in the field of SBB electrolytes, driving forward

the global transition towards renewable energy and carbon neu-

trality.
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