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The development of ether-based electrolytes has significant challenges, primarily caused by the
irreversible co-intercalation of ether and Li* into commercial graphite, which excluded ether from use in
commercial lithium-ion batteries (LIBs). However, the explosive development of sodium-ion batteries
(SIBs) in recent years has driven a revival in ether-based electrolytes, due to their superior rate capability
and low temperature suitability. In this review, we trace the evolution of ether-based electrolytes, from
rise and subsequent decline to their current revival. We provide comprehensive analysis of the
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compatibility mechanisms between ether-based electrolytes and both anodes and cathodes in SIBs.
Furthermore, we assess the feasibility of commercializing ether-based electrolytes, considering key
factors such as electrochemical performance, safety and cost. Finally, we highlight critical challenges
that must be overcome, from fundamental research to large-scale commercialization, and provide
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Broader context

theoretical guidance for future development and innovation of ether-based electrolytes.

Ether-based electrolytes have been developed rapidly in the last three years due to their unique “Na‘-solvent” effects and low reduction potential, making them
well adapted to sodium-ion batteries (SIBs), which is crucial for optimizing low-temperature and rate performance of SIBs. In addition, ether-based electrolytes

are one of the best choices for next-generation ultra-low temperature electrolytes due to their moderate solvation capability. However, the oxidative stability and

safety of ether solvents have raised concerns in their commercialization. This review traces the evolution of ether-based electrolytes, from their rise and

subsequent decline to their current revival, and new insights are provided at the end. Moreover, the potential for commercial application of ether-based

electrolytes for SIBs is comprehensively evaluated based on electrochemical performance, safety and cost. Finally, we discuss the challenges that must be

addressed for ether-based electrolytes to transition from fundamental research to commercial applications.

1. Introduction

Energy storage is significant for the development of low-carbon
and zero-carbon power systems; however, the widespread deploy-
ment of lithium-ion batteries (LIBs) for large-scale energy storage is
constrained by the limited availability of lithium resources.'
Sodium-ion batteries (SIBs), which share similar compositions
and reaction mechanisms with LIBs,” are emerging as promising
alternative energy storage systems. SIBs benefit from a natural cost
advantage due to the abundance and wide distribution of sodium,
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and low temperature tolerance due to the small Na" Stokes radius
and high reactivity,”” positioning them as an effective comple-
ment to LIBs and a key player in the broader energy storage
industries.

Throughout the development of LIBs, the electrolyte has
played a decisive role, affecting the capacity, cycle life, rate
performance, temperature tolerance and safety of batteries. The
commercialized LiCoO, cathode was first produced in 1980°
and commercialized carbon-based anodes were first produced
in 1985,”% but it was the emergence of ethylene carbonate (EC)-
based electrolytes in the 1990s, suitable for both cathodes
and anodes, that enabled the successful commercialization of
LIBs.”'® For decades, challenges related to the instability
between graphite and propylene carbonate (PC) hindered pro-
gress due to a lack of understanding of the interphase.”'"'?
Therefore, drawing from the experience with LIBs, it is clear
that the electrolyte must be regarded as a central focus in the
development of SIBs, transitioning from a passive response to

This journal is © The Royal Society of Chemistry 2025
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demand to an active driver of breakthrough innovations. Efforts
must be made to explore high-performance electrolytes and accel-
erate the commercialization of SIBs.

Among the most promising electrolytes for SIBs are both
ester-based electrolytes and ether-based electrolytes. While
ester-based electrolytes are commercially used in LIBs, ether-
Li" co-embedding in graphite leads to structural disruption,
preventing ether from being used in commercialized LIBs."*"®
Hard carbon (HC) is considered a promising anode for com-
mercial application in SIBs, but the poor kinetics of the ester-
based electrolyte fail to meet the low-temperature and fast
charging requirements."”"® Notably, HC contains graphite-
like microcrystallites and open angular microcrystallites, which
enable the co-embedding of ether and Na* with high reversi-
bility."*>' Moreover, the solvation binding between the cyclic
ether-Na" is weaker than that of the cyclic ester and Na',
promoting a faster desolvation of Na".*** Equally important,
the lowest unoccupied molecular orbital (LUMO) energy level of
ether is higher than that of ester, making it more resistant to
reduction and better adapted to the low-voltage anode.*>>®
These advantages position ether as a competitive candidate for
enhancing the kinetic performance of SIBs, and ether-based
electrolytes have flourished in recent years.
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As the quest for preeminent ether-based electrolytes con-
tinues, there is an urgent need to review the state-of-the-art
ether-based electrolytes from fundamental research to com-
mercial applications (Fig. 1). Herein, we provide a comprehen-
sive analysis of the characteristics of high-performance ether-
based electrolytes and the compatible mechanisms by which
ether interacts with anodes and cathodes in SIBs, and explore
the development of novel ether solvents. Moreover, the
potential for commercial applications of ether-based electro-
Iytes in SIBs is comprehensively evaluated based on the electro-
chemical performance, safety and cost. Finally, we discuss the
challenges that must be addressed for ether-based electrolytes
to transition from fundamental research to commercial appli-
cations. These challenges include validating high-capacity full-
battery performance (such as high-voltage resistance and
safety), exploring innovative mechanisms, and developing
novel high-performance ethers. The aim of this review is to
stimulate further research into the practical applications of
ether-based electrolytes and to achieve the development of
ether-based electrolytes that combine both excellent kinetic
and thermodynamic properties, ultimately facilitating the rapid
application of SIBs in the energy storage market.

2. Key parameters required for
high-performance ether-based
electrolytes

As indispensable and ubiquitous components, electrolytes play
a pivotal role in not only transporting Na*, but also expanding
the electrochemical stability window, suppressing side reac-
tions and manipulating the redox mechanism. All of these are
closely associated with the behavior of solvation chemistry
within electrolytes.”*! 1t is indisputable that high-performance
electrolytes are indispensable for realizing high-performance SIBs.

Generally, ether-based electrolytes used for SIBs must pos-
sess four characteristics (Fig. 2). Firstly, the basic function of an
electrolyte is to transport Na" between the cathode and anode.
Ether, as an electrolyte solvent, must have low viscosity, high
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Fig. 2 Characteristics required for high-performance ether-based electrolytes in SIBs.

dielectric constant and high sodium salt solubility to ensure a  stability of the molecule. Ether-based electrolytes require high
high Na® conductivity. Secondly, the highest occupied mole- oxidative stability to match high-voltage cathodes, which can be
cular orbital (HOMO) energy level>®*> reflects the oxidative achieved by lowering the HOMO energy level of the ether or by
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forming a strong solvation bond with Na* to reduce the HOMO
energy level, as well as through the formation of a highly
concentrated salt electrolyte to reduce the percentage of free
ether.?*3* Thirdly, the LUMO energy level reflects the reduction
stability of the molecule, and the higher LUMO energy level
denotes better reduction stability.””>*° Ether-based electro-
lytes ought to obtain high reduction stability to match low-
voltage anodes. This can be achieved by having a high LUMO
energy level, or forming a weak solvation bond with Na* to
minimize the LUMO energy level of the ether.’”*® The inter-
action between cations and solvents usually strengthens the
oxidation stability and weakens the reduction stability of the
solvents. In contrast, further incorporation of anions into the
cation-solvent complex has the opposite effect, significantly
influencing the interfacial stability and the corresponding
cycling lifespan.®®*® Finally, high electrode-electrolyte interface
stability is crucial to prevent interfacial parasitic reactions.*'
The interphase is the most important yet least understood
component.”’** The cathode-electrolyte interphase (CEI)/solid-
electrolyte interphase (SEI) derived from ether-based electrolytes
must possess high antioxidant/reducing ability, and be thin,
uniform, dense and exhibit moderate mechanical strength to
ensure that the interface film is chemically and electrochemi-
cally stable and resistant to cracking.">*® Apart from the above

a Electrolyte composition

b Comparison of properties c
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basic properties, high thermal stability and wide liquid range
also significantly impact the high- and low-temperature perfor-
mance of batteries.””*® However, complex solvent chemistry
and the complicated coupling effect between solvents and ions
lead to the lack of perfect electrolytes. Therefore, decoupling
the “structure-property-performance” constitutive relationship
in electrolytes is crucial.

3. Development of ether-based
electrolytes

Comprehensively understanding the development history of
ether in electrolytes is important for guiding future develop-
ment. Here, we critically reviewed the journey of ether-based
electrolytes, from their emergence and decline to their recent
revival. Typically, ether-based electrolytes consist of three parts:
ether solvent, sodium salt and functional additives, each con-
tributing to the properties of the electrolyte. Among these, ether
solvent accounts for approximately 85 wt% (Fig. 3(a), mass
ratio) and plays a decisive role in the battery performance.
Currently, commercialized LIB electrolytes use ester as the
solvent. Compared to ester, ethers have both advantages and
disadvantages (Fig. 3(b)). Specifically, ether-based electrolytes
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mposition of ether-based electrolyte. (b) Comparison of ether and ester

properties. (c) The number of publications dealing with ether-based electrolytes for sodium batteries from 2014 to November 2024 (data collected via
the Web of Science by searching with ether and sodium battery as key words). (d) A timeline showing the development of ether-based electrolytes with

the important milestones.

This journal is © The Royal Society of Chemistry 2025

Energy Environ. Sci., 2025, 18, 6874-6898 | 6877


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00725a

Open Access Article. Published on 15 April 2025. Downloaded on 11/1/2025 6:23:32 PM.

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

(cc)

Energy & Environmental Science

have obvious advantages in reduction stability and kinetic
performance but are inferior in oxidative stability. These differ-
ences are triggered by the different front-line molecular orbital
energy levels and solvation environments of ether and ester.
According to the theory of front-line molecular orbital energy
levels, the outmost electrons in the orbitals are preferentially
involved in the reaction.*®”° Ethers have higher LUMO and
HOMO energy levels than esters, exhibit better resistance to
reduction but worse resistance to oxidation. Esters are success-
fully applied in commercialized LIB electrolytes because their
inferior reduction stability is compensated by their ability to
form a robust anode-electrolyte interphase. For solvation envir-
onments, the cyclic esters have more negative charges on the
carbonyl oxygen atoms, resulting in stronger interactions with
Na' and slower desolvation, resulting in inferior kinetics com-
pared to cyclic ethers.?*>*

The past decade has witnessed a surge in research on ether-
based electrolytes for SIBs, with a sharp increase in publica-
tions around 2021 (Fig. 3(c)). Recently, CATL, a leading power
battery company, held a sodium-ion battery conference show-
casing Prussian white and HC SIBs with energy densities up to
160 W h kg™". The industrialization of sodium-ion batteries will
be achieved in the coming years, which marks the beginning of
an explosive growth period in SIBs. The outstanding compat-
ibility between ether-based electrolytes and HC drives the rapid
development of ether-based electrolytes.> From 2021 to 2024,
ether-based electrolytes entered a period of rapid and stable
development.

The development of ether-based electrolytes is strongly depen-
dent on the anodes and cathodes of batteries (Fig. 3(d)). Whitting-
ham proposed the first intercalation cathode (TiS,) in 1970s, and
an ether-based electrolyte comprising LiClO, in dimethyl ether
(DME)/tetrahydrofuran (THF) was employed due to the moderate
working potential of TiS, (<3.0 V vs. Li/Li'), which was in the
stable range of ether-based electrolytes.>® In the 1990s, graphite
became commercial anode for LIBs by chemically forming the
graphite intercalation compound LiCe.® In order to use LiCq as an
anode for rechargeable batteries, it is necessary to electrochemi-
cally form it in an electrolyte system. Simultaneously, realizing
LiCe as an anode for rechargeable batteries required an electrolyte
compatible with the high-voltage LiCoO, cathode (>4.0 V, vs.
Li/Li*).>* Ether-based electrolytes were excluded from commercial
LIB systems due to their low upper voltage window and structural
damage caused by co-intercalation with Li" in graphite, therefore
their development was impeded. In 2000, Stevens and Dahn
discovered HC with excellent Na" intercalation properties,> which
became a major turning point in the field of SIBs. However, the
immaturity of the SIB research system at that time limited its
impact on the commercialization of SIBs.

Another major turning point occurred in 2014 with the
discovery that modulation of the solvation structure of ether-
based electrolytes could achieve reversible co-embedding of
diethylene glycol dimethyl ether (DEGDME) and Na' in graphite,
realizing highly efficient Na* storage behavior for graphite."°
Specifically, irreversible co-embedding can be circumvented
through co-intercalation progress in a DEGDME-based electrolyte,

6878 | Energy Environ. Sci., 2025, 18, 6874-6898
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forming a ternary intercalation compound with an estimated
stoichiometry of Na(DEGDME),C,,. From 2015 to 2020, the super-
ior compatibility of ether-based electrolytes with sodium metal
anodes and HC anodes was achieved respectively, mainly focusing
on linear ethers such as DME, DEGDME and tetraethylene glycol
dimethyl ether (TEGDME).>”® These electrolytes exhibited
advantages such as high first initial coulombic efficiency (ICE),
excellent rate performance and low-temperature performance.
By 2021,%* the development of SIBs entered into an explosive
period, accelerating significant progress in novel ether-based
electrolytes. From 2021 to 2024,% % substantial research efforts
emerged, focusing on designing innovative ethers and regulating
electrolyte solvation structures. Recent advancements have
introduced a range of novel ether compounds, including 1,2-
diethoxyethane (DEE), 1,3-dioxolane (DOL), 2-methyl tetrahy-
drofuran (2-MTHF), hexafluoroisopropyl methyl ether (HFME),
bis(2,2,2-trifluoroethyl) ether (BTFE), 1,2-bis(1,1,2,2-tetrafluoro-
ethoxy) ethane (TFEE), 1H,1H,5H-octafluoropentyl-1,1,2,2-tetra-
fluoroethyl ether (OTE), 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropyl ether (TTE), etc. These compounds, with diverse
structural characteristics, have created various solvent effects,
driving battery performance to new heights and further offer-
ing ether-based electrolytes great potential for commercial
applications.”®”®

4. Physicochemical properties of ether
solvents

The physicochemical properties of ethers as electrolyte solvents
affect the composition and structure of the electrode-electrolyte
interphase, as well as the desolvation ability of Na'. These proper-
ties directly determine the electrochemical stability window,
cycle life, rate performance, high/low-temperature performance
and safety performance of batteries.”®’” Key attributes of ethers
include their dielectric constant, melting point, boiling point,
redox stability and electron donor number.”®7®

The melting and boiling points of solvents significant impact
the high/low-temperature performance and safety performance of
batteries.®® The melting and boiling points of ethers, esters, sulfites,
sulfones and carboxylates are summarized in Fig. 4(a),*** and the
chemical names and corresponding abbreviations are displayed
in Table 1. Solvents with lower melting points are less likely to
solidify at low temperatures, allowing the electrolyte to remain
fluid. This ensures that batteries can still be charged and
discharged normally at low temperatures, avoiding the perfor-
mance degradation caused by electrolyte solidification.'”"'®
Ethers with lower melting point, such as THF, 2-MTHF, TTE,
and OTE, exhibit superior low-temperature performances com-
pared to esters, similar to the sulfate solvents like dimethyl sulfite
(DMS) and diethyl sulfite (DES), as well as carboxylates. Conver-
sely, solvents with high-boiling points maintain stability under
normal operating conditions, resist evaporation, and prevent
safety issues such as increased battery pressure, swelling or
catastrophic failure.*””® However, most ethers, despite their
advantages, have a low boiling point, which may pose safety risks.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Chemical name and the corresponding abbreviation of solvents

Chemical name Abbreviation Chemical name Abbreviation Chemical name Abbreviation
Dimethyl ether DME Diethylene glycol dimethyl ether DEGDME Tetraethylene glycol dimethyl ether TEGDME
Tetrahydrofuran THF 2-Methyl tetrahydrofuran 2-MTHF 1,3-Dioxolane DOL
Tetrahydropyran THP 1,3-Dioxane 1,3-DX 1,1,2,2-Tetrafluoroethyl- TTE
2,2,3,3-tetrafluoropropyl ether
1H,1H,5H-Octafluoropentyl- OTE Ethylene carbonate EC Propylene carbonate PC
1,1,2,2-tetrafluoroethyl ether
Butenyl carbonate BC Dimethyl carbonate DMC Diethyl carbonate DEC
Methyl ethyl carbonate EMC Vinyl Carbonate vC Fluoroethylene carbonate FEC
Dimethyl sulfite DMS Diethyl sulfite DES Dimethyl sulfoxide DMSO
Sulfolane SL Methyl sulfone MSM Gamma-butyrolactone GBL
Methyl formate MF Ethyl formate EF Methyl acetate MA
Ethyl acetate EA Ethyl propionate EP Ethyl butyrate EB

The redox stability of solvents is a critical factor affecting the
electrochemical stability window of electrolytes.®* The cycle life
of batteries can be significantly improved by rational selection
and design of solvents. Ideal solvents should exhibit both high
oxidation and reduction stability, as shown in Fig. 4(b),>*®°
but ethers generally possess high reduction stability but

This journal is © The Royal Society of Chemistry 2025

lack oxidation stability, whereas esters show the opposite
behavior.>® The LUMO energy levels of most solvents decrease
after coordination with Na*, which indicates a decrease in the
reductive stability of the solvent.®” This decrease is related to
factors such as the binding energy, bond length and orbital
ratio of the solvent molecules. In particular, the decrease in the
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LUMO energy level is more pronounced in cyclic ethers, which
may be related to their molecular structure and electronic
properties.

Most of the known polar solvents with high salt dissociation
ability have high dielectric constants and high donor number
values,®®® such as EC and PC,”*°! whereas those with low
dielectric constants and low donor number, such as TTE, have
poor salt dissociation ability and represent non-solvation
diluents (Fig. 4(c)). However, there seems to be a sweet spot
consisting of a group of solvents with moderate dielectric
constants and low donor number values, which leads to mode-
rate Na' solvent binding energy and salt dissociation ability.
For instance, methyl 2,2-difluoro-2 (fluorosulfonyl) acetate
(MDFSA)**> demonstrates compatibility with extreme conditions,
such as high-voltage, ultra-low-temperature and high-rate simulta-
neously, showcasing the potential of such solvents to satisfy a
range of demanding performance criteria.

Ethers and esters, due to their distinct physicochemical
properties, result in different SEI compositions and solvation
structures, leading to variations in the electrochemical perfor-
mance of the batteries. Ethers and esters, due to their distinct
physicochemical properties, result in different SEI composi-
tions and structures, leading to variations in the electrochemi-
cal performance of the batteries. Compared with EC/DEC-based
electrolyte, DEGDME shows a high solvation energy and
reduction stability. Hence, there is a preferential reduction of
NaPF,, forming an inorganics-dominant SEI. Different from
the DEGDME system, the carbonate solvents will undergo
severe decomposition to form a thicker SEL.>* Specifically, the
carbonate-based electrolyte exhibits higher content of carbonyl
and carboxyl species compared to the ether-based electrolyte.
Furthermore, the ether-based electrolyte exhibits a higher
concentration of Na-O, Na-PFO, and Na-F, while the
carbonate-based electrolyte predominantly shows Na-CO;.
Similarly, fluorine and phosphorous exhibit increased content
in the ether-based electrolyte, with the dominant species of
Na-F, Na-PO,F,, and -PF5.”’ NaF, present in the SEI layer close
to the electrode surface, plays a crucial role in inhibiting
the growth of sodium dendrites.”*®" In brief, ether-based
electrolytes tend to produce thin SEIs enriched with inorganic
components (Fig. 4(d)). The solvation interaction between Na*
and ethers is weaker than that between Na* and ester.*"°*
Modulating the Na' solvation structure is a key strategy for
improving battery performance. On the one hand, it regulates
the coordination between the solvent and Na" and improves the
Na' desolvation kinetics.”® On the other hand, it facilitates the
optimization of the SEI/CEI composition, thereby enhancing
the electrochemical performance of SIBs.”

The primary criteria for solvent selection include a low
freezing point, moderate boiling point, wide electrochemical
stability window, high dielectric constant and moderate donor
number. These properties collectively ensure a high-performance
electrolyte with stabilized CEI/SEI and low Na" desolvation energy.
However, achieving all these requirements simultaneously
remains challenging. For example, solvents with a higher the
boiling point often have a lowered melting point. In practice,
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mixed solvents are usually used to make up for the short-
comings of each solvent, achieving a balance between these
critical properties.

A comprehensive understanding of the interactions between
ethers and cations/anions is a prerequisite for regulating the
solvation chemistry in liquid electrolytes.?”'°°"'%> Typically,
solvent-Na®, solvent-solvent and solvent-anion interactions
co-exist in the electrolytes. These interactions are highly impor-
tant for expanding the electrochemical stability window,
manipulating kinetics, regulating reaction mechanisms and
suppressing side reactions in batteries.?”'**'%* For instance,
the relative affinity intensity of solvent-Na® determines the
solubility of sodium salt. More importantly, the relative inter-
action intensity of the complexes determines the solvation
structures of Na'.

In Fig. 5(a), strong electrostatic interactions between sol-
vent-Na' promote the derivation of strongly solvated struc-
tures, which facilitate the dissolution of sodium salts, reduce
the HOMO energy level of the solvent, and enhance oxidative
stability. Regrettably, these strong interactions also reduce the
LUMO energy level of the solvent and diminish the reduction
stability. In addition, a strong solvation structure can hinder
the desolvation behavior of Na'. The strong solvation between
solvent-Na" can be attenuated by dipole-dipole interactions
between solvent-solvent in Fig. 5(b). Solvents with this char-
acteristic, called diluents, do not participate in the Na* solva-
tion structure but instead interact with primary solvent to
enhance the kinetic properties. The electrostatic interactions
between solvent-anion (Fig. 5(c)) have received less attention
because solvents generally exhibit stronger preference for coor-
dinating with Na" compared to the large anions, consequently,
the ion mobility of the electrolyte is primarily governed by the
free anions rather than by Na'. Adjusting the solvent structure
to enhance the interaction between the solvent and anions and
simultaneously freeing Na* from the strongly solvated structure
is crucial for enhancing the Na“ mobility and desolvation
behavior. Although anion solvation is weaker compared to
cation solvation, the outermost orbitals of the anions can
interact more strongly with the surrounding solvent because
the valence electron density of the anions is more dispersed
than that of the cations. Further research is still needed to
understand how the anion solvation structures affect the
properties of the electrolyte, alter the interfacial reaction paths,
and influence the electrochemical performance.

Different solvent configurations exhibit distinct interactions
related to their polarity and dielectric constant. Reported ether
solvents can be categorized into three groups according to their
structures: linear ethers, cyclic ethers and fluoro-ether, such as
DME, DEGDME, TEGDME and DEE, contain more than two
ether-oxygen bonds of chelating coordination with Na*, provid-
ing strong sodium salt solubility and can be applied alone as
the main solvent. Cyclic ethers, such as THF, DOL and MTHF,
contain one or two ether-oxygens, and exhibit slightly weaker
solvation ability compared to linear ethers, making them ideal
co-solvents when paired with linear ethers. Fluoro-ethers
(HFME, BTFE, TFEE) possess a higher content of fluorine with

This journal is © The Royal Society of Chemistry 2025
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electron-absorbing properties,®>'>1% resulting in low Na®

solvation capabilities and poor sodium salt dissolution. There-
fore, fluoro-ethers are generally used as diluents.

The properties of ethers, including solvation ability, stability,
safety, viscosity, dielectric constant and price, are summarized in
Fig. 5(d)-(i). Linear ethers and cyclic ethers excel in terms of
solvation ability, dielectric constant, viscosity and affordability,
while fluoro-ethers offer superior antioxidant stability. However,
the high cost of fluoro-ethers, attributed to their complex manu-
facturing process,'®” poses a challenge for their large-scale com-
mercial application. It is worth noticing that TEGDME stands out
for its exceptional safety,’®® as demonstrated by its high flash,
boiling point, and non-flammability. These properties position
TEGDME as a highly promising candidate for commercialization.

Ether can be applied independently as an electrolyte solvent,
in a mixture of more than two ethers, or as a diluent. Repre-
sentative formulations of ether-based electrolytes for SIBs are
summarized in Fig. 6, along with the corresponding cathodes
and anodes. From top to bottom are linear ether, cyclic ether
and fluorinated ether. Linear ether is mostly used alone due to
its high solubility and moderate solvation ability, and is typi-
cally paired with HC or sodium metal anodes, and polyanionic

This journal is © The Royal Society of Chemistry 2025

and layered oxide cathodes. Research indicates that HC in
linear ether demonstrates excellent rate performances and
low-temperature performances, with discharge capacities signi-
ficantly higher than those in ester-based electrolyte at large
current density and low temperature, resulting in its kinetic
advantage.’” When linear ethers are matched with high-
voltage cathodes, co-salts such as NaBF, are often added to
derivatize a stable CEI to enhance the high-voltage stability."*°

Some cyclic ethers with lower solubility, such as MTHF,
DOL, etc., are often mixed with linear ethers with high solubi-
lity. The cathodes and anodes applied in these systems are
similar to those of linear ethers. Fluorinated ethers, which
show poor solubility for sodium salts, are used as diluents to
shield the electrostatic interaction between solvent-Na', cou-
lombic interaction between anion-Na', and the dipole inter-
action between solvent-solvent in highly concentrated salt
systems. This enhances the reversibility and durability of the
sodium-metal batteries in low-temperature environments,
which is crucial for cold-climate applications. NaPFg, sodium
trifluoromethanesulfonate (NaOTf), sodium bis(trifluoromethyl-
sulfonyl)imide (NaTFSI) and sodium bis(fluorosulfonyl)imide
(NaFSI) were used as the primary salts,'>® while NaBF, was used
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Fig. 6 Ether-based electrolyte composition and matching cathodes and anodes in sodium batteries.

as the secondary salt due to its low solubility. Among them, NaPFg
is the most commercially viable salt due to its advantages in
film formation, low cost, and non-corrosiveness to aluminum
foil."**"** In the past years, electrolyte design has mainly focused
on regulating the solvation structure of Na’, as this not only
affects Na' transport but also alters the composition of the
interphase. Recently, the solvation structure involving anions
has attracted some attention, which also affects the formation
of the interphase and the desolvation energy barrier of Na'.
However, the anion-solvent interactions, even in the simplest
single-salt, single-solvent electrolyte systems, are still not yet fully
understood. Future studies, deeply exploring the mechanism of
anion solvation structure will provide new directions for optimiz-
ing electrolyte design.

Ether-based electrolytes generally outperform ester-based
electrolytes in terms of ICE, rate and low-temperature perfor-
mance when paired with HC and Na metal. Specifically, in
ether-based electrolyte (1 M NaOTf in DEGDME),”” HC achieves
an ICE of up to 91.2% with superior high-rate capability,
ultralong cycle life (93% capacity retention over 1000 cycles at
200 mA g ') and outstanding low-temperature performance.
Studies reveal that the lower electrochemical reaction kinetics
can be significantly improved in ether-based electrolytes. For
instance, Yang et al. overcome salt precipitation at tempera-
tures far above the freezing point of solvents by tuning
the entropy of solvation in a strong solvation and weak solva-
tion solvent mixture. This enables the solvation structure to

6882 | Energy Environ. Sci., 2025, 18, 6874-6898
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spontaneously transform at low temperature to avoid salt
precipitation, endowing a temperature-adaptive feature to the
electrolyte.®® This temperature-adaptive electrolyte exhibited an
excellent low-temperature performance in a Na,;3Nij,Cuy/is-
Mn,;;0,/HC full cell with 90.6% capacity retention over
400 cycles at —40 °C. Zheng et al. reported that by using a
hydrofluoroether as an “inert” diluent, the salt concentration
could be significantly reduced (<1.5 M),*> while maintaining
the solvation structures of high concentration electrolytes. This
formed a localized high concentration electrolyte (2.1 M NaFSI
in DME/BTFE), enabling dendrite-free Na deposition with
a high coulombic efficiency of >99%, fast charging (20C)
and stable cycling (90.8% retention after 40000 cycles) in
NazV,(PO,)s/Na batteries.

Polyanionic and layered oxide cathodes, which have a char-
ging cut-off voltage of around 4.0 V, obtain satisfactory cycling
stability in ether-based electrolytes. Using 1 M NaPF, in DEGDME
as the optimized ether-based electrolyte, a robust fluorine-rich
inorganic-organic interphase was identified, which effectively
ameliorates the interface, facilitates ultrafast charge transfer and
stabilizes high-voltage cathodes over 10 000 times with the help of
cathode engineering.'** Similarly, a weakly coordinating diluent,
HFME, was applied to regulate the coordination of Na“ with
DEGDME and anion, forming a diluent-participated solvate.''?
This unique solvation structure promotes the accelerated decom-
position of anions and diluents, leading to the construction
of robust inorganic-rich electrode-electrolyte interphases. As a

This journal is © The Royal Society of Chemistry 2025
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result, the Nay ;MnO,/Na cell delivered a high-capacity retention
of 87.3% with a high average coulombic efficiency of 99.7% after
350 cycles.

Briefly, the ether-based electrolyte exhibited good compat-
ibility with both anodes and cathodes of SIBs. Nevertheless, the
electrolyte is a complex solution system, where intertwined
interactions between ion-ion, ion-solvent, and solvent-solvent
jointly affect the thermodynamic and kinetic processes. Differ-
ent cathodes and anodes have distinct electrolyte require-
ments, and it is crucial to analyze the role of electrolytes in
relation to specific electrode materials. This in-depth analysis
will further promote our understanding of the modification
mechanism of ether-based electrolytes in SIBs.

5. Critical effects of ether in anodes
and cathodes of SIBs

Ether-based electrolyte, in addition to serving as a medium for
ion migration and enabling ion conduction between the cath-
ode and anode, plays a significant role in a battery’s energy
density, cycle life, rate performance and low-temperature per-
formance, etc., which is reflected through the interaction with
cathode and anode materials. This section highlights the
decisive effects of ether-based electrolytes in specific cathode
and anode materials.

5.1 Ether-based electrolytes for anodes

The high suitability of ether-based electrolytes for sodium
batteries is mainly reflected in their favorable interactions with
HC and Na metal anodes. The electrochemical performance of
ether in HC/Na and Na/Na cells was evaluated and shown in
Fig. 7(a). Obviously, the rate performance of HC in the ether-
based electrolyte (1 M NaPF, in DEGDME) significantly outper-
forms that of the ester-based electrolyte (1 M NaPF, in EC/
DMC), especially at current densities higher than 0.2 A g~ . For
the Na/Na cell, the polarization voltage with the ether-based
electrolyte (1 M NaPFs in DEGDME) is significantly smaller
than that of the ester-based electrolyte (1 M NaPF, in EC/DMC).
The above comparison fully illustrates the kinetic advantage of
ether-based electrolytes on HC and Na metal.

HC, recognized as the most promising anode material for
commercial application, exhibits unique properties that make
it well-suited for SIBs. Its rich microcrystalline structure facil-
itates Na" absorption, embedding and de-embedding, resulting
in a high specific capacity (300-350 mA h g~') and a low
operating potential (~0.1 V vs. Na/Na*)."**'*> However, its
large specific surface area, compared with that of the graphite,
increases electrolyte consumption to construct SEI, making
interfacial stability highly dependent on the electrolyte. Addi-
tionally, the larger layer spacing in HC provides a higher
possibility of solvent and Na" co-embedding in the HC layer,
with the impact of this behavior depending on the solvent’s
solvation capacity and reduction stability. Research suggests
that the cyclic ethers have a weaker solvation ability than the
cyclic ester, resulting in lower desolvation energy.’**>?

This journal is © The Royal Society of Chemistry 2025
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The LUMO energy level is a critical indicator reflecting the
stability of solvent reduction."®® As shown in Fig. 7(b), the
energy difference between the Fermi energy level of the anode
and the LUMO energy level of the electrolyte determines the
thermodynamic stability of the electrolyte at the anode and the
formation of SEI films. More specifically, if the LUMO energy
level of the electrolyte is lower than the Fermi energy level of the
anode, the electrolyte will accept electrons from the anode and
initiate a reduction reaction. Ethers, with higher LUMO energy
levels than that of esters, exhibit better stability with low-
potential anodes. Compared to esters, ethers display superior
kinetic compatibility with HC, and it is evident that sodium
batteries using ether-based electrolytes exhibit superior rate
and low temperature performance compared to ester-based
electrolytes (Table 2). Several possible factors may contribute
to this advantageous situation, including thin SEI, high Na*
diffusion coefficients, and reversible co-intercalation of ether—
Na" (Fig. 7(c)).

Na-metal anodes, with their high theoretical capacity
(1166 mA h g ") and low redox potential (—2.71 V, vs. SHE), are
expected to realize high energy density energy storage.'*®™*?
Currently, the energy density of sodium-metal Dbatteries
reported in the literature is substantially higher than those of
SIBs, up to 200~300 W h kg *.'**'%* However, the Na-metal
anode faces many challenges during cycling,'*>'*® such as
inhomogeneous Na deposition and severe Na dendritic growth,
unstable SEI, and drastic volumetric fluctuations arising from
the repetitive depositing/stripping process. Highly chemically
active Na metal reacts spontaneously with the electrolyte to
form a loose and fragile passivation film, which is difficult to
withstand the volume expansion and stress during Na deposi-
tion, leading to its rupture.'®” The cracks may become active
sites for the growth of Na dendrites, contributing to the rapid
formation of Na dendrites, thus seriously affecting the electro-
chemical performance of Na metal batteries and hindering
their practical applications."*® Compared to the esters, ethers
demonstrate superior interfacial compatibility with Na metal,
forming homogeneous and thin SEI, and the moderate ether-
Na" solvation structure derived from the ether-based electrolyte
(Fig. 6(c)). These features help suppress dendrite growth and
enhance cycling stability.

HC anodes in ether-based electrolytes exhibit higher initial
coulombic efficiencies, better rate performances and low-
temperature performances compared to conventional ester
electrolytes. However, the mechanism behind the faster Na
storage kinetics for HC in ether-based electrolytes remains a
topic of ongoing debate. One proposed explanation is the
formation of a thin dual-SEI model'*® (Fig. 8(a)) derived from
the ether-based electrolyte, consisting of an I-SEI (the SEI inside
the nanopore) and S-SEI (the SEI formed on the surface). The
S-SEI formed in the ether electrolyte (1 M NaPF, in DEGDME) is
very thin and even negligible due to the excellent reductive
stability of ethers (Fig. 8(b)). In contrast, the S-SEI formed in the
ester-based electrolyte (1 M NaPF, in EC/DEC) is significantly
thicker, reaching about 10 nm (Fig. 8(c)) after 10 cycles. The I-
SEI can be detected by small-angle X-ray scattering (SAXS), and
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Table 2 Rate and low-temperature performance of batteries using different ether-based electrolytes

Solvent Electrolyte Electrode Performance Ref.
DME 1 M NaPF¢ in DME Hard carbon/Na >240 mA h g™" at 10C 113
NaNi, sMn, 50,/Na 102.7 mA h g ' at 10C 137
DEGDME 0.5 M NaPF; in DEGDME Hard carbon/Na 310 mAhg 'at-30°C 114
1 M NaPF, in DEGDME Hard carbon/Na 161mAhg 'at4Ag’ 115
0.6 M NaOTf + 0.4 M NaBF, in DEGDME Na,V,(PO,);/p-Al@C 67 mA h g~! at —40 °C 119
TEGDME 1 M NaPFg in TEGDME Hard carbon/Na >180 mA h g ' at 2C 117
THF 1 M NaPFg in THF Hard carbon/Na 212mAhg lat5Ag" 138
and 175 mA h g " at —20 °C
1 M NaPFg in PC/THF Prussian blue/hard carbon 65.6 mA h g* at 5C 124
1 M NaPFg in THF/MTHF Na;V,(PO,)s/hard carbon 61.4 mA h g_1 at —40 °C 122
MTHF 0.8 M NaPF, in MTHF Na,V,(PO,);/Al@C >70 mA h g~ Lat —40 °C 139
DOL 0.5 M NaOTf in DEGDME/DOL Na;V,(PO,)3/Na 68 mA hg " at —40 °C 66
0.4 M NaPF, in DEGDME/DOL Na,V,(PO4);/Al@C 59.7 mA h g~ at —40 °C 123
OTE NaFSI: OTE:DME = 1:1.5:3 (molar ratio) Na;V,(PO,);/Na 79.9 mA h g™" at 24C 75
Esters 1 M NaPF, in EC/DMC Hard carbon/Na <50 mA h g~ ' at 10C 113
1 M NaClOy, in EC/DEC + 5 vol% FEC NaNi, sMng 50,/Na 78.5 mA h g*1 at 10C 137
1 M NaPF; in PC Prussian blue/hard carbon 26.9 mA h g~ ' at 5C 124
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also shows differences in the pore volume shrinkage in HC
with both electrolytes after cycling (Fig. 8(d)). However, the
shrinking of the pore volume is more severe in the ester-based
electrolyte, indicating that a thicker SEI is formed within
the nanopores. This finding further underscores the superior
performance of the ether-based electrolyte in stabilizing the SEI
and enabling efficient Na storage.

The enhanced rate performance demonstrated by HC in
ether-based electrolytes is attributed to a high Na® diffusion
coefficient (Fig. 8(e) and (f)).">* Molecular dynamics (MD)
simulation reveals that the diffusion coefficient of Na" ions in
the ether-based electrolyte (1 M NaPF, in DEGDME) is about
2.5 times higher than that in the ester-based electrolyte (1 M
NaPF, in EC/DEC) when Na' ions are diffused in the electrolyte.
When the solvated Na' ions diffused into the SEI interface and
the HC, the enhanced charge transfer kinetics (low Rgg; (1.5 vs.
24 Q)) at the SEI, combined with low desolvation energy
(0.248 V), contribute to high-rate performance and good cycling
stability of HC in the ether-based electrolyte.

The solvated Na* was calculated by the mean square dis-
placement (MSD).** The calculated diffusion coefficients of
solvated Na' in the ether-based electrolyte (1 M NaPF, in
DEGDME) and ester-based electrolyte (1 M NaPF, in EC/DEC)
are 1.21 x 10 ° and 8.88 x 10~ ecm® s~ 7, respectively, indicating

This journal is © The Royal Society of Chemistry 2025

faster solvated Na* diffusion kinetics in the ether-based electro-
lyte. The final structure of the Na'-DEGDME interaction and its
intercalation into the carbon layers is shown in Fig. 8(g). The
interlayer spacing increased from 4 to ~9 A after the intercalation
of four Na'-DEGDME. The final configurations indicate that the
Na' and ether-Na" co-intercalation in the ether-based electrolyte
mitigates the sluggish desolvation process, thus enhancing the
kinetics.

Based on existing research, the accelerated Na storage
kinetics in ether-based electrolytes can be attributed to three
key factors: thin SEI, high Na" diffusion coefficient, and ether-
Na" co-intercalation. These findings offer valuable insights for
the development of other high kinetics electrolytes.

The compatibility of ether-based electrolytes with Na metal
is mainly demonstrated by high coulombic efficiency and long
cycle life, achieved by uniform Na depositing/stripping. This
performance is critically dependent on a uniform and thin SEI
and a moderate Na‘-ether solvation structure.'® The represen-
tative ester-based electrolyte of 1 M NaPF,-PC and ether-based
electrolyte of 1 M NaPFs-DEGDME in Na/Cu cells are shown
in Fig. 9(a). Obviously, in 1 M NaPF,-PC, Na/Cu cells present
very low coulombic efficiency (less than 20%), demonstrating
poor Na deposition reversibility. In sharp contrast, the average
coulombic efficiency of Na/Cu cell cycled in 1 M NaPF¢-diglyme
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is close to 100% (Fig. 9(b)). Large amounts of NaH are dis-
tributed across the surface and bulk body of “dead deposits”
when cycled in 1 M NaPF,-PC, while only a small amount of
NaH is observed at the surface of “dead deposits” when cycled
in 1 M NaPFe-diglyme. Significantly, Kim et al. reported that'>
compared to fluorine-containing ester-based electrolyte (1 M
NacClO, in EC/PC + 5 wt% FEC), an ether-based electrolyte (1 M
NaBH4 in DEGDME) facilitated the formation of NaH, which
is considered a favorable SEI component due to its excellent
mechanical properties and electronic insulation. Specifically,
the native oxide surface of sodium was converted into NaH and
NaBO, after soaking in the electrolytes, implying that “SEI
reconstruction” occurred by chemical reduction. Accordingly,
the Na/Na symmetric cell exhibited significantly extended
cycling stability (1200 h, 1 mA cm 2, 1 mA h cm™?) compared
to the fluorine-containing ester-based electrolyte (300 h for 1 M
NaClO4 in EC/PC + 5wt% FEC). However, the precise quantity
and formation mechanism of NaH, as well as its impact on cell
performance, remain to be elucidated.

MD simulations were utilized to investigate the solvation
structures of Na*.'>® Due to the strong chelation capacity of the
DME solvent, 95% solvent-surrounded Na' is present in 0.5 M
NaPF4/DME electrolyte (Fig. 9(c)). Comparatively, the solvent-
surrounded Na' solvation sheath occupies a low proportion of

6886 | Energy Environ. Sci., 2025, 18, 6874-6898

25% in 0.5 M NaPF,/DEE electrolyte. In this case, the Na" anion
single pairs and Na' anion clusters with coordinated PF,~
anion account for 35% and 40%, respectively, demonstrating
the anion-involved solvation structure is dominant. The
voltage-capacity profiles for NaPF¢/DEE electrolyte demonstrate
stable plating/stripping behavior (Fig. 9(d)), while NaPFs/DME
electrolyte shows abnormal voltage fluctuations and over-
charging appeared, illustrating the presence of the “soft” short
circuit. These results demonstrate that weak solvation structure
with anionic participation contributes to the cycling stability of
Na metal.

Recent reports have also highlighted the absence of a SEI on
co-intercalated HC when ether-based electrolytes are used.
Therefore, it is crucial to understand the exact correlation
of SEI with different carbon microstructures for the rational
design of specific electrolytes tailored for specific HC anodes.
For the Na metal anode, ether-based electrolytes can facilitate
the formation of a stable SEI and moderate solvation, which
can largely reduce polarization and facilitate fast Na* diffusion.
Although it is well known that apparent volume expansion and
phase change occur during the electrochemical reaction of
metal-based anodes, high reversibility can still be obtained
with ether-derived interphase over prolonged cycling. Therefore,
it is insufficient to solely investigate the final microstructure and

This journal is © The Royal Society of Chemistry 2025
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composition of SEI after dynamic changes in the solvation. This
underscores the need for in situ characterization to monitor how
ether-derived SEI forms and how its microstructure and composi-
tion evolve during charging and discharging

5.2 Ether-based electrolytes for cathodes

The mainstream cathodes for SIBs include layered oxides,
Prussian blue compounds, and polyanionic compounds.
Layered oxides are the preferred cathode because of their facile
preparation method and high energy density. However, the
high charging state of layered oxides can catalyze electrolyte
decomposition and trigger interfacial parasitic reaction, which
affects cycle performance and safety of batteries.'>*'>°

Prussian blue compounds offer advantages such as high
energy density and adjustable operating voltage, however, the
presence of water in the lattice compromises the long-term
stability of the electrolyte."”®'>” Polyanionic compounds, on
the other hand, are known for their excellent stability and high
operating voltage, but suffer from low conductivity, which
limits their rate and low-temperature performance.'*®*>° The
upper voltage window of the above cathodes is typically >4.0V,
thereby placing high demands on the oxidative stability of the
electrolyte. The suitability of ether-based electrolytes in high-
voltage applications has been questioned. For example, early
studies in LIBs highlighted that ether-based electrolytes
are incompatible with LiCoO, cathodes, which are typically
charged above 4.0 V to provide more capacity. The lone pairs of
electrons on oxygen atoms of ether molecules make them
susceptible to electrophilic attack, resulting in low oxidative
stability. Two strategies have been proposed to enhance the
upper electrochemical stability window of the electrolyte:*®
(i) thermodynamically enhancing the intrinsic electrochemical
window, and (ii) kinetically constructing a stable CEI to slow
down the electrolyte decomposition.

In Fig. 10(a), the energy difference between the Fermi energy
level of the cathode and the HOMO energy level of the electro-
lyte determines the thermodynamic stability of the electrolyte
at the cathode, influencing the possibility for the formation of
the CEI film.>*>"*® More specifically, if the HOMO energy level
of the electrolyte is higher than the Fermi energy level at the
cathode, the electrolyte will lose electrons, triggering oxidation
and decomposition. The ether-based electrolyte with a high
HOMO energy level fails to thermodynamically offer high-
voltage stability, as a result, they are often optimized from a
kinetic perspective to form a robust CEI at the cathode. As shown
in Fig. 10(b), the CEI generated from ether-based electrolyte can
raise the electrochemical stability window to accommodate the
required high-voltage of cathodes. The compositions and struc-
tures of the CEI play a critical role in modifying the electroche-
mical properties of SIBs, such as rate performance, cycle life, and
high/low-temperature performance.

Most current studies on the high-voltage performance of ether-
based electrolytes focus on functional additives and solvated
structures (Fig. 10(c)),"®"'®> and the upper voltage window
reported in the literature is in the range of 4.0-4.5 V. Corres-
ponding cathodes and upper voltage windows are summarized

This journal is © The Royal Society of Chemistry 2025
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in Table 3. Introducing functional additives to build a robust
inorganic-rich CEI can effectively inhibit the decomposition of
ethers at the interface. Common additives include fluorinated
ethylene carbonate (FEC),'*?* sodium difluoro-oxalate borate
(NaDFOB),'®® and sodium difluorophosphate (NaDFP),'** among
others. The solvation structure of ether-based electrolytes can be
adjusted by modulating both sodium salt and solvent.'®>'%°
Adjusting the concentration and type of sodium salts reduces
the proportion of free ether solvent, thereby constructing a stable
CEI primarily composed by the sodium salts decomposition
products.®>'®” Additionally, altering the solvent structure, such
as the introduction of electron-absorbing groups, can strengthen
the solvated structure, improving the oxidative stability of the
electrolyte.'*® Although incorporating fluorine substituent groups
into the structure of ether molecules can improve the oxidative
stability, this strategy greatly increases the cost of electrolytes,
making it not suitable for large-scale applications.

The research on electrolytes must be closely linked to the
cathode materials with which they interact. The CEI is essential
to prevent irreversible reactions between the cathode and the
electrolyte, maintaining the lattice structure of the cathode,
and inhibiting the dissolution of active materials. By refining
the volume ratio of two conventional linear ether solvents, a
binary electrolyte’’” (1 M NaPF,; in DEGDME/TEGDME) can
form a cation solvation structure that is well-adaptive for high-
voltage Na (de)intercalation of P2-/O3-type layered oxide cath-
odes. Anode-free batteries using this optimized electrolyte have
demonstrated high coulombic efficiency, extended cycle life,
and a cell-level specific energy density exceeding 300 W h kg™*
(Fig. 11(a)). This performance is attributed to the NaF- and
Na,COs-rich interphase generated from the CO,-regulated sol-
vated structure of the binary electrolyte (Fig. 11(b)).

A weakly solvating anion-stabilized electrolyte, which bal-
ances the interaction between the Na‘-solvent and Na‘-anion,
is proposed to optimize the electrochemical performance of
NaNi, ;Fe;;3Mn, 30, (NFM) cathodes.’®” In Fig. 11(c), the
HOMO energy level of different solvated clusters is calculated
using density functional theory (DFT) to analyze the oxidative
tendency. More specifically, the HOMO energy levels of Na‘-
DME-PF,~ and Na'-DME-2PF,~ were —8.39 eV and —5.21 eV,
respectively, indicating that increasing PFs in the solvated
cluster raises the HOMO level. Meanwhile, to verify the out-
standing performance of weakly solvating anion-stabilized elec-
trolyte, the industrial anode-free pouch cells were constructed
under harsh conditions. These cells exhibit a high capacity of
180 mA h, a lean electrolyte ratio of 4 g Ah™", and a multi-layer
structure, maintaining more than 80% of their initial capacity
after 50 cycles (Fig. 11(d)). In addition, the low-temperature
performance of the Cu||NFM pouch cell was assessed after
charging at room temperature, and these cells delivered 95.5%,
91.6%, 87.2%, 78.4%, and 74.3% of their room temperature
capacity at temperatures of 10 °C, 0 °C, —10 °C, —20 °C, and
—30 °C, respectively. These results further demonstrate the superior
low-temperature applicability of the electrolytes (Fig. 11(e)). Wang
et al. successfully passivated the reactive sites of terminal H
on DEGDME solvents, inhibiting further dehydrogenation and
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oxidation during battery operation, by introducing a small amount
of nitrate anions (NO;™) into the DEGDME-based electrolyte
(Fig. 11(f)-(h)). The electron-donating ability of NO;~ weakened
the Na'-solvent interactions, promoting the decomposition of OTf~
and NO; ™ anions, leading to the formation of a robust CEI. This
CEI, rich in NaF and NaN,O,, components, demonstrated enhanced
tolerance to high voltages.'”

As demonstrated by Wu et al.,*” the fully coordinated ether-
based electrolyte with strong resistance against oxidation is
rationally designed for solvation configuration. This electrolyte
remains anodically stable when paired with a high-voltage
NazV,(PO,),0,F (NVPF) cathode under 4.5 V (vs. Na/Na"), which
may be contributed by effective protection of the CEIL The
assembled graphite//NVPF full cells exhibit superior rate per-
formance and unprecedented cycling stability (Fig. 12(a)-(c)).
Fig. 12(d) provides the proportions of typical micro-structures

6888 | Energy Environ. Sci., 2025, 18, 6874-6898

within the primary solvation sheath.'”° It is found that Na* in
G1 (1 M NaPFs in DME) and G2 (1 M NaPFs in DEGDME)
electrolytes are chiefly surrounded by solvent molecules, with a
high proportion of 99.92% and 99.80%, respectively. In DEE
(1 M NaPF; in DEE) and G4 (1 M NaPF, in TEGDME) electro-
lytes, structures containing PFs~ anions account for 59.59%
and 16.77%, respectively. Associated with the electrochemical
behaviors of different electrolytes, it can be rationally specu-
lated that it is the anion-dominated solvation structure that
motivates the deficient high-voltage stability of G4, especially the
DEE electrolyte. This implies that the strong solvation structure
without anion participation is more suitable for high-voltage
sodium batteries. However, this conclusion appears to contradict
the findings shown in Fig. 9(c), (d) and 11(c)-(e). And this apparent
contradiction arises from the lack of absolute parameters to
quantify the solvated structure. Although parameters such as the

This journal is © The Royal Society of Chemistry 2025
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Table 3 The upper voltage windows of batteries using different ether-based electrolytes

3.30 3.28

Electrolyte Cathode Upper voltage Ref.
NaFSI: DEGDME: DM = 1:1.4:5.3 (molar ratio), (N-dimethyltrifluoro- NaNi,;;Fe;/3Mn; /30, 4.2V 169
methanesulfonamide)
1 M NaPFy in DEGDME Na3(VOPO4)2F 4.3V 170
0.03 M NaBF, (additive) + 0.3 M NaPF, in DEGDME Na,(VOPO,),F 43V 171
NaTFSI: TFEE: [Py,5][FSI] = 1:1:3 NaNi, 33Feq 35Mng 330, 41V 112
3.04 M NaPF, in DEGDME/DOL (10: 1, v/v) Na;V,(PO,),0,F 4.5V 65
1 M NaPFs in DEGDME/TEGDME (9: 1, v/v) P2-/0O3-type layered oxide cathodes 4.3 V 172
1 M NaPFg in DEGDME Na3(VOPO4)2F@1‘GO 4.3V 111
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with permission,’2 Copyright © 2023, American Chemical Society. (c)—(e)

sodium batteries. (a) and (b) CO,-regulated solvation structure. Reproduced
Weak solvent structure regulation. Reproduced with permission,'®” Copyright

© 2024 Wiley-VCH GmbH. (f—(h) Additive regulation. Reproduced with permission,*’”® Copyright © 2025, The Authors.

dielectric constant and donor/acceptor number are vital to illus-
trate the solvating power of the solvents in electrolytes, more in-
depth experimental data, combined with in situ characterization
and theoretical calculations, are required to provide a database
(ether structure-properties) that quantitatively describes the sol-
vated structure. The additives have broad application prospects in
ether-based electrolytes due to their low dosage requirements and
excellent effects. Hou et al. proposed a rational coupling strategy
between perfluorinated-anion additives and cathode/solvent
systems, enabling the self-assembly of a protective CEI and

This journal is © The Royal Society of Chemistry 2025

the formation of a robust ~C-F- - -H-C- interaction network to
enhance the stability of ether-based electrolytes (Fig. 12(e)-(h)).
The preferential adsorption and oxidation of these additives
allow the electrolyte to suppress undesirable oxidation at low
voltages while maintaining stability at high voltages up to 4.5 Vvs.
Na/Na'. These findings underscore the critical role of sacrificial
additives in regulating interfacial stability.'”® To sum up, the
optimized ether-based electrolytes enrich systematic options to
maintain oxidative stability and compatibility with various cath-
odes, exhibiting attractive prospects for practical application.

Energy Environ. Sci., 2025, 18, 6874-6898 | 6889


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00725a

Open Access Article. Published on 15 April 2025. Downloaded on 11/1/2025 6:23:32 PM.

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

(cc)

Energy & Environmental Science

View Article Online

Review

I_».

@02Ag"

capacity retention: 90% p

a — LUMO :;b
-4 —HoMO Fermi level of graphite — < 150 H
—~ J— Pe— < Mo
Sl — E120[,
® i ° f 2 90
4 © L © ¢ ks
8| . oart S
4
3 @
5 é g S Ak 8 60
2.l Q@
2 10 N 8 301
- — S
a2b T . . X . ¢ 0
EC PC EMC DME DEG

DME

o
-h

300 600 900

1200
Cycle Number

Cycle number

?‘L 0 215
T
H DEGDME
3 .4
g ] 7.06 21 7.8 NaPF, |9
5 -8 o
. -9.63 T
-s SN 18 %g’ &
° - B
g 150 100z h =
SIARPY) S
% 05 S
05" 1 2 5 10 20 30 1 H 3
g 120 a@m & g% 10¢ 3% 8
E it M‘"" 60 & E — 60 &
- o o
% 90 40 K “_? . Areal capacity: 0.185 mAh cm? )
3 ina: 2 a
§ R g § 20 Mass loading: 1.78 mg cm 30 E
© 60 20 5 © 2
Blank P o @ Blank °
o sPFO 0 0 b1 o spro| O
0 1b 20 3‘0 4’0 0 200 400 600 800 1000 1200 1400

Cycle number

Fig. 12 Analysis of the critical role of ethers in polyanion cathodes of sodium batteries. (a)—(c) Salt concentration regulation. Reproduced
with permission,®®> © 2021 Wiley-VCH GmbH. (d) Strong solvent structure regulation. Reproduced with permission,’® Copyright © 2024 Elsevier
B.V. (e)-(h) Additive regulation.’”® Reproduced with permission, Copyright © 2024, American Chemical Society.

6. Evolution of commercialization
applications

Searching high performance electrolytes for potential commercial
applications is a vital prerequisite for realizing high-performance
SIBs. In this regard, it is essential to establish imperative guide-
lines that consider key factors such as electrochemical properties,
safety and cost parameters. For ether-based electrolytes, achieving
a balance between these attributes, excellent electrochemical
performance, high safety, and low cost, is important for their
viability in commercial applications (Fig. 13).

6.1 Electrochemical performance

For electrochemical performance, key parameters include ionic
conductivity and reductive/oxidative stability of the electrolyte,
cycle life, rate performance, and high/low-temperature perfor-
mance of batteries under practical conditions.

6890 | Energy Environ. Sci., 2025, 18, 6874-6898

The core competency of ether-based electrolytes lies in their
kinetic properties, including excellent rate and low-temperature
performance, and high reduction stability compared to commer-
cial ester-based electrolytes. Specifically, ether-based electrolytes
(such as DME, DOL, THF, etc.) exhibit high ionic conductivity,
particularly under low-temperature conditions, which enables
superior rate performance. Additionally, these ether-based elec-
trolytes possess a high LUMO energy level, facilitating the for-
mation of a thin and stable SEI, with excellent compatibility with
sodium metal. This highlights their unique potential for applica-
tion in SIBs."””'”® Nevertheless, the ether-based electrolytes exhib-
ited certain shortcomings in low oxidation stability. They typically
undergo decomposition at relatively low voltages (<4.0 V vs. Na/
Na'), which limits their application in high-voltage cathode
materials. Fortunately, the low oxidation stability of ether-based
electrolytes can be optimized by adjusting the additive and
solvation structure to derive a robust CEL'7***® Furthermore,
electrochemical performance evaluation in large-capacity full

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Evolution of the commercialization prospects of ether-based electrolytes (vs. commercial ester-based electrolytes).

batteries should also incorporate performance consistency and
manufacturing processes of batteries.

6.2 Safety

Safety concerns in commercial LIBs have been prominent in
recent years, with incidents such as battery fires and explosions
caused under various abuse conditions. Therefore, improving
the safety of batteries has become a critical challenge in this
field.

Safety performance can be evaluated in terms of flash point,
boiling point, and thermal runaway of ethers.'®' For example,
DME solvent, with a lower flash point and boiling point
compared to ester-based electrolytes, exhibits poorer thermal
stability. This makes them more susceptible to decomposition
and vaporization during the early stage of battery self-heating,
thus exacerbating the heat accumulation inside batteries.'®* "3
Therefore, significant challenges still remain in improving the
safety. In contrast, TEGDME has high flash and boiling points
similar to commercial ester-based solvents, and has been also
shown to be flame-retardant, offering excellent safety perfor-
mance.'”® Unfortunately, most ether-based and ester-based
solvents remain flammable substances, posing certain safety
risks. Therefore, it is necessary to incorporate small amounts of
flame-retardant additives to mitigate these concerns.

At present, there is still a lack of comparison on thermal
runaway properties between ether-based and ester-based elec-
trolytes the under practical conditions. The onset temperature
of thermal runaway is closely related to SEI failure,'®* and

This journal is © The Royal Society of Chemistry 2025

improving interfacial stability can mitigate the risk of thermal
runaway.'®* "% Therefore, in-depth studies of the mechanisms
of thermal runaway and establishing comprehensive battery
safety assessment standards are urgently needed.

6.3 Cost

Since the cost is highly related to the demand, ester-based
electrolytes benefit from mature production processes, well-
established supply chains, and relatively low costs. The price of
ethers is currently higher than that of esters due to lower
demand and limited production.'®®'®® Due to their relatively
simple synthesis routes, non-fluorinated ether-based solvents
have the potential to achieve cost reductions through scaled-up
production in the future.

The highly fluorinated diluents, although important for the
study of the low-temperature performance and failure mecha-
nism in SIBs, greatly increase the cost of the electrolyte."®
In addition to the cost of the electrolyte, the suitability of
the ether-based electrolyte preparation process in large-scale
production is also crucial for commercialization. For example,
researchers have used solvent engineering to design various
ether solvents with specific molecular structures, and these
ethers have exhibited promising electrochemical perfor-
mances.'*"**> However, the complex preparation process of the
solvents has hindered large-scale preparation, making these
solvents unsuitable for commercial use at present. Non-fluori-
nated linear ethers and cyclic ethers, such as TEGDME and
DOL, offer excellent performance at moderate costs.’** As demand
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increases and production scales up, the cost is expected to reduce
further, facilitating commercialization.

Therefore, while substantial progress has been made, there is
still considerable work to be done to meet the commercialization
demands for ether-based electrolytes in SIBs. Addressing electro-
chemical performance, safety and cost, will be key to facilitating
the widespread adoption of these ether-based electrolytes.

7. Conclusion and perspectives

SIBs have emerged as one of the most important devices for
energy storage, with electrolytes playing a crucial role in their
performance. In this review, we first provide an overview of the
essential properties of ether as an electrolyte solvent, followed
by a comprehensive review of the development history of ether-
based electrolytes from their rise, to decline, and eventual
revival. This review demonstrates that ether-based electrolytes
possess strong core competitiveness in SIBs, particularly due
to their advantageous kinetic properties. We then analyzed
the characteristics of different ether configurations, including
linear ethers, cyclic ethers and fluorinated ethers, and outlined
how these variations of ethers influence Na‘-solvent, solvent-
solvent, and solvent-anion solvation interactions, as well as
their impact on battery performance. Among them, linear
ethers tend to form strong Na'-solvation structures, while
cyclic ethers form moderately strong solvation structures.
Fluorinated ethers, on the other hand, promote solvent-solvent
and solvent-anion interactions, accelerating Na" desolvation.
This review also discusses the vital effects of ether-based
electrolytes in specific anodes and cathodes. For anodes,
kinetic advantages in ether-based electrolytes are embodied
by a homogeneous SEI, moderate solvation interaction, and
ether-Na' reversible co-embedding. For cathodes, particularly

View Article Online
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layered oxides and polyanions, the ether-based electrolyte con-
tributes to high-voltage tolerance by enhancing the interfacial
oxidative stability through the formation of an electrolyte-
derived CEIL Furthermore, we explore the commercialization
prospects of ether-based electrolytes in terms of balanced
electrochemical performance, safety and cost. The outlook for
commercialization is promising, though challenges remain in
addressing safety concerns and the high cost of certain ether-
based solvents. Finally, we outline future development directions
for ether-based electrolytes in SIBs. These include optimizing
solvation structures, enhancing safety mechanisms, and scaling
up production processes for cost-effective high-performance elec-
trolytes. Further fundamental and applied research is needed to
address these challenges and realize the full potential of ether-
based electrolytes in SIBs (Fig. 14). The prospects provided here
would serve as a roadmap for advancing the development of next-
generation SIBs.

7.1 Performance validation

Ether-based electrolytes must undergo comprehensive evalua-
tion for long cycle life, safety, and high/low-temperature adapt-
ability in large capacity full batteries before commercialization.
One of the primary concerns with ether-based electrolytes is
their high-voltage stability which directly affects the long-term
cycling stability of SIBs, a critical factor for commercial applica-
tions. Although constructing a robust CEI can enhance stabi-
lity, the effectiveness of this improvement in large-capacity
batteries remains unverified. Beyond conventional approaches
such as additive and solvation structure modulation, recent
research shows the importance of inner Helmholtz plane
modulation, which plays an important role in optimizing the
CEL Clarifying the coupling effect among solvation structures,
additives, and the Helmholtz plane is crucial for designing

Future research directions based on ether-based electrolytes
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a high-quality CEI Safety performance validation is another
critical aspect, especially considering solvents such as DME/
DEGDME and other ether solvents, which have a low flash
boiling point, present volatility risks and safety hazards. There-
fore, these solvents cannot be used alone due to their safety
concerns. On the other hand, TEGDME, known for its excellent
safety performance, still requires further battery safety testing,
such as pinprick, thermal runaway risk assessment. High and
low-temperature performance validation is also vital, as energy
storage applications put stringent requirements on temperature
stability. Ether-based electrolytes, particularly those involving cyclic
ethers, may face challenges at high-temperature because of their
low boiling point and flash point. In addition, potential ring-
opening polymerization reactions of cyclic ether may occur at high
temperatures, which reduces the stability of batteries. Therefore, it
is necessary to further verify the high and low-temperature adapt-
ability of ether-based electrolytes in large capacity full batteries.
Furthermore, SEI layers generated on various electrode surfaces
have different compositions and properties, which influence the
cycling performance, safety and high/low-temperature performance
of SIBs. Currently, film-forming additives in ether-based electrolytes
are considered effective for enhancing the interface compatibility.
Meanwhile, the formation process of passivation layers in different
electrolyte systems should be revealed via in situ characterization
and advanced theoretical simulation.

7.2 Mechanism exploration

To accelerate the transition of SIBs from the laboratory to
commercialization, it is of utmost prominence to understand
their reaction and failure mechanisms. Advanced experimental
techniques, characterization methods, and theoretical simulation
should be used to reveal underlying mechanisms to refine guide-
lines for improving electrolyte properties. The seemingly contra-
dictory conclusions mentioned above regarding the effect of
solvation structure modulation on the battery’s modification are
due to the lack of clear indicators and definitions of the strength of
solvation structures. In addition, the compositional and structural
characteristics of high-quality interphases remain unclear, which
makes it difficult for researchers to optimize electrolytes and
interfaces. The combination of in situ characterizations and
machine learning to efficiently and accurately analyze the
complex interactions behind the battery can help efficiently
explore complex interactions within the batteries. Specifically,
in situ imaging techniques such as optical microscopy (OM),
X-ray tomography (XRT) and atomic force microscopy (AFM) are
well-developed in batteries, however, in situ characterization
techniques that could offer higher accuracy, smarter, faster,
and more controllable observation areas have great potential to
address the challenges in revealing interactions of the electro-
lytes, such as in situ cryo-electron microscopy. Machine learn-
ing, which can learn complex relationships between data and
build predictive models, is a promising approach to predict the
properties of electrolyte solvent molecules, providing an effec-
tive and low-cost method to uncover new failure mechanisms
and modification mechanisms. Ultimately, there is an urgent
need to strengthen fundamental scientific research to reveal

This journal is © The Royal Society of Chemistry 2025
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the intrinsic action mechanism and optimization methods of
ether electrolytes in SIBs to optimize their performance.

7.3 Novel ether development

Technological innovations in electrolyte design are essential for
achieving high-performance SIBs. High-throughput calculation
based on molecular structure enumeration can assist screening
of electrolyte formulation. These simulations can help selecting
suitable solvents for different salts by predicting key properties
including melting and boiling points, viscosity, dielectric con-
stants, redox properties of novel solvents, salts, additives, and
other compounds, therefore helping to efficiently screen electro-
lyte formulations and identify the most promising configurations
for different SIBs. In-depth understanding of the decomposition
mechanism of ether solvents under high-voltage conditions would
benefit the development of more stable electrolyte systems. Recent
research has shown that cyclic ethers with low melting points and
weak solvation capabilities exhibit outstanding low-temperature
properties. The solvation ability, ion transport, desolvation rate
and electrochemical stability of the ether molecules can be regu-
lated by selective methylation, which makes specific functional
group substitutions on cyclic ethers a promising route for devel-
oping next generation high-performance solvents. Additively, non-
fluorinated substitute diluents can effectively reduce the cost while
improving kinetic performance. Electrolyte additives, through use
in small quantities, can provide significant advantages in enhan-
cing both electrochemical performance and safety. Therefore, the
development of next-generation multifunctional novel additives is
crucial for advancing SIBs.

In summary, SIBs are effective alternatives to LIBs in large-scale
energy storage fields due to their similar properties and lower cost.
The electrolyte is one of key components in effectively improving
electrochemical performance, but achieving the ultimate perfor-
mance potential of SIBs requires more than electrolyte optimiza-
tion alone. The synergetic development of electrolytes and
electrodes holds great importance for the successful commercia-
lization of SIBs. In the future, fundamental and applied research
on ether-based electrolytes for SIBs must progress simultaneously,
and establishing standardized guidelines for evaluating the elec-
trochemical performance and safety performance of ether-based
SIBs is indispensable. The development of SIB electrolytes will be a
driving force for the commercialization of SIBs.
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