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Low-temperature energy storage technology plays a crucial role in sustaining energy supply for inter-
stellar exploration, polar research stations, military facilities in extremely cold regions. Sodium-ion bat-
teries (SIBs) are regarded as potential candidates for large-scale energy storage systems under extreme
low-temperature conditions due to their abundant sodium resources, low cost and superior temperature
tolerance. As a critical component of SIBs, the electrolyte is closely related to the charge transfer ki-
netics within the battery and significantly influences its low-temperature electrochemical performance.
Herein, we present a comprehensive review focusing on recent advances in organic liquid electrolytes
for enhancing the low-temperature performance of SIBs. Firstly, the failure mechanisms of SIBs at low
temperatures are systematically analyzed from the perspective of charge transfer kinetics. Subsequently,
the electrolyte design strategies for low-temperature SIBs are introduced based on two evaluation di-
mensions: half cell and full cell systems. Finally, the future research directions for developing advanced
electrolytes to improve the low-temperature performance of SIBs are proposed. This review provides valu-
able insights into electrolyte optimization strategies, which are expected to accelerate the development

of high-performance SIBs for reliable energy storage in extreme cold environments.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With increasing exploration of extreme low-temperature en-
vironments, the development of low-temperature energy storage
technology has become a strategic research direction in the field
of energy science (Fig. 1a) [1-3]. For interstellar exploration, low-
temperature energy storage systems play a pivotal role in meeting
the energy demands of deep-space missions, enabling the long-
term space habitation and utilization of extraterrestrial resources
[4,5]. Meanwhile, polar research stations, military facilities in cold
regions, and high-latitude cities require low-temperature energy
storage devices to ensure stable energy supply for their infrastruc-
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ture. However, the traditional energy storage technologies suffer
from severe performance degradation at low temperature, making
them struggle to meet practical application demands [6,7]. There-
fore, the development of high-performance low-temperature en-
ergy storage technology holds crucial practical significance for sup-
porting humanity’s exploration of unknown frontiers and achieving
stable energy supply in extreme low-temperature environments.
Lithium-ion batteries (LIBs), as a typical electrochemical energy
storage technology, have been widely applied in various fields of
daily life, including portable electronic devices and electric vehi-
cles [8-10]. However, the limited and unevenly distributed lithium
resources, along with unsatisfactory low-temperature performance,
inevitably hinder the application of LIBs for energy storage in ex-
treme low-temperature environments [11-14]. Recently, sodium-
ion batteries (SIBs) have emerged as a vital complementary tech-
nology to LIBs for large-scale energy storage systems, driven by
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Fig. 1. (a) Potential future applications of low-temperature SIBs. (b) Global distribution of identified lithium resources at the end of 2024. All locations with at least one
million tons are indicated; collectively accounting for 98 % of the global total. (c) Crustal element abundance. (d) Comparative analysis of critical performance characteristics

of LIBs and SIBs.

the abundance of sodium resources and their lower manufacturing
costs (Figs. 1b and c) [15-17]. In addition, sodium exhibits no reac-
tivity with aluminum, the substitution of copper with aluminum as
the anode current collector becomes feasible, thereby significantly
reducing the overall cost of SIBs. More importantly, as shown in
Fig. 1d, Na*t endows weaker Lewis acidity and smaller Stokes ra-
dius compared to Li+ (4.6vs. 4.8 A), enabling higher ionic conduc-
tivity of sodium-based electrolytes [18,19]. Furthermore, the desol-
vation energy of Na* is approximately 25%—30% lower than that
of Li* in commonly used organic solvent systems, which signif-
icantly accelerates the interfacial charge transfer kinetics [20,21].
Benefiting from these unique advantages, SIBs are expected to ex-
hibit superior low-temperature electrochemical performance, mak-
ing them as an ideal candidate technology for large-scale energy
storage systems in extreme cold environments [22,23].

Under extreme low-temperature conditions, the charge transfer
kinetics of SIBs deteriorates significantly, leading to severe degra-
dation of electrochemical performance [24]. As the critical com-
ponents of SIBs, electrode materials and electrolytes are closely
related to the charge transfer kinetics, thereby profoundly influ-
encing the low-temperature performance [25,26]. Recent advances
in structural and morphological engineering have significantly en-
hanced the low-temperature sodium storage performance of elec-
trode materials [27-29]. However, elaborately engineered elec-
trodes and novel electrode materials often involve complex and
costly preparation processes, unavoidably limiting their widespread
application [11]. Electrolyte, serving as the “blood” of SIBs, governs
Na*t migration, desolvation processes, and interfacial ion trans-
port behavior [30]. Additionally, the composition of electrolytes
is highly tunable, requiring no intricate manufacturing processes
and having minimal impact on subsequent battery manufacturing.
Thus, developing high-performance low-temperature electrolytes is
of great significance for promoting the extreme low-temperature
application of SIBs [31,32].

To date, various electrolytes have been explored for low-
temperature SIBs, including aqueous electrolytes [33], organic lig-
uid electrolytes [34,35], ionic liquid electrolytes [36] and solid-
state electrolytes [37]. Although aqueous electrolytes feature high
safety, environmentally friendly, high ionic conductivity and low
cost, the narrow electrochemical window and high freezing point
limit their practical application [38]. Ionic liquids possess inher-
ent advantages of excellent thermal stability, non-flammability and
wide electrochemical windows, but suffer from high viscosity, low
ionic conductivity and high cost [39]. Solid-state electrolytes are
regarded as promising candidates for high-energy-density SIBs due
to their high safety, wide electrochemical windows and supe-
rior thermal stability. However, the limited ionic conductivity and
poor interfacial contact inevitably hinder their application at low
temperature conditions [40]. Noticeably, organic liquid electrolytes
with the advantages of high ionic conductivity, excellent perme-
ability and low freezing point are considered as the most promis-
ing candidates for low-temperature SIBs [41-43]. To the best of our
knowledge, however, limited attention has been given to systemat-
ically summarize recent achievements in organic liquid electrolytes
for low-temperature SIBs.

In this review, we are committed to summarizing the re-
cent advancements in organic liquid electrolytes for enhancing
the low-temperature performance of SIBs. Firstly, we systemat-
ically analyze the failure mechanisms of low-temperature SIBs
from a charge transfer kinetic perspective. Subsequently, we com-
prehensively review recent achievements in low-temperature SIBs
electrolyte design over the past few years, covering both half
cell and full cell configurations. Finally, we propose future re-
search directions for low-temperature SIBs electrolytes. This re-
view aims to provide meaningful guidance for the rational de-
sign of electrolytes tailored for low-temperature SIBs, thereby
advancing their energy storage applications in extreme cold
environments.
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Fig. 2. (a) lllustration of four stages of Na* transfer during the charge process. (b)
Changes in ionic conductivity and viscosity at low temperature. (c) Three typical in-
ner Na*t solvation structure at low temperature. (d) Evolution of desolvation energy
barrier during temperature decreases. (e) Three main concerns of the EEI layer.

2. Failure mechanism of low-temperature SIBs from the
perspective of kinetics

As the operation temperature decreases, interfacial charge
transfer kinetics decreases significantly, resulting in low reversible
capacity, large overpotential, poor rate performance and low en-
ergy density [44,45]. Meanwhile, the sluggish charge transfer ki-
netics induces sodium deposition behavior at anode surface, lead-
ing to several safety issues and fast capacity degradation [46].
In general, the failure mechanism of SIBs at low temperature is
mainly related to the following four charge transfer kinetics pro-
cess (Fig. 2a) [47]: (1) Diffusion of solvated Na* through electrolyte
bulk phase towards electrode interface. lonic conductivity (o), vis-
cosity (n) and freezing point play key role on Na*t transport ki-
netics in electrolytes. As the temperature decreases, the viscosity
of electrolyte increases, and the ionic conductivity declines, re-
sulting in sluggish diffusion of solvated Na* (Fig. 2b) [48,49]. (2)
Desolvation process at the electrode/electrolyte interface (EEI). As
shown in Fig. 2c, Na* usually exists as solvated ions in electrolytes,
which can form three different solvated structures based on Na*-
solvent interactions, including solvent separated ion pairs (SSIPs),
contact ion pairs (CIPs) and aggregates (AGGs) [50]. However, the
storage of Na* in electrode materials generally requires fully des-
olvated Na*. As the temperature decreases, the desolvation energy
barrier of Na* in bulk electrolyte increases significantly, which in-
evitably results in unsatisfied low-temperature sodium storage per-
formance (Fig. 2d) [51,52]. (3) Transport of Na*t across the elec-
trode/electrolyte interface. The ion transport properties of EEI films
are mainly determined by their chemical composition and mi-
crostructure. Noticeably, thin EEIs with fast ion-conducting char-
acters are more conducive for the rapid transport of Na™ across
the interface (Fig. 2e) [31,53]. (4) Transfer of Nat/e~ within the
electrode materials. Electrode materials with high ionic and elec-
tronic conductivity can significantly enhance charge transfer kinet-
ics, thereby improving the low-temperature performance of SIBs
[54,55].

To date, researchers have improved the ionic/electronic con-
ductivity by optimizing the structure and morphology of elec-
trode materials, which effectively enhance the low-temperature
performance of SIBs [56]. Electrolyte, as a core component of
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SIBs, is closely associated with three critical stages of Na*™ trans-
port kinetics (bulk electrolyte ionic conduction, Na* desolvation
process, and interfacial Na* transport), directly determining the
low-temperature performance of batteries [57]. However, current
research on electrolytes for low-temperature SIBs remains in its
early stages. Therefore, systematically summarizing the recent ad-
vancements in low-temperature electrolytes is of great signifi-
cance for advancing the energy storage applications of SIBs in low-
temperature scenarios.

3. Recent achievement of electrolyte design for
low-temperature SIBs

To advance SIBs applications in extreme low-temperature envi-
ronments, an ideal electrolyte must simultaneously fulfill the fol-
lowing requirements: (1) Possessing high ionic conductivity and
ultra-low freezing point to maintain rapid Na* transport at low
temperatures [58]; (2) Low desolvation energy barriers of solva-
tion structures to facilitate rapid Na*™ desolvation [24]; (3) In situ
formation of robust electrode-electrolyte interfaces with high Na*
transference numbers to facilitate rapid interfacial Na* migration
[59]; (4) Cost-effectiveness and environmental sustainability for
scalable deployment [60]. Currently, academia primarily evaluates
the low-temperature adaptability of electrolyte systems from two
dimensions: half cell and full cell systems. Half cell studies focus
on low-temperature performance optimization of single electrode
materials, having achieved significant breakthroughs in electrolyte
compatibility with various electrode materials. In contrast, full cell
systems require simultaneous coordination of divergent electrolyte
requirements from cathode and anode materials, facing more com-
plex challenges. This review will systematically summarize recent
advancements in low-temperature electrolyte research from both
half cell and full cell perspectives.

3.1. Half cell perspectives

3.1.1. Anode materials

Hard carbon (HC) is currently regarded as a promising an-
ode material candidate for commercial sodium-ion batteries [61].
Therefore, it is significantly essential to boost the low-temperature
performance of HC for promoting the application of SIBs in en-
ergy storage under extremely low-temperature conditions. Weakly
solvating electrolyte (WSE) with anion-rich solvation structure has
attracted extensive attention for rechargeable batteries [62]. The
unique solvation structure shows a low desolvation energy barrier,
while facilitates the formation of robust inorganic-rich solid elec-
trolyte interface (SEI) with rapid ion diffusion kinetics [63]. There-
fore, WSE shows a huge potential to improve the low-temperature
sodium storage performance of electrode materials. For example,
Wang’s group applied weakly coordinating tetrahydrofuran (THF)
as sole solvent to construct the WSE, which effectively enhances
the low-temperature sodium performance of HC [64]. The weakly
coordinating ability of THF promotes more anion to occupy the in-
ner Na* solvation sheath. The unique solvation structure not only
minimizes Na* desolvation energy, but also promotes the forma-
tion of homogeneous SEI with well-distributed NaF and organic
component, enabling superior interfacial kinetics even at subzero
temperatures. Therefore, the HC anode exhibits exceptional low-
temperature fast-charging capability, maintaining 95 % capacity re-
tention with a reversible capacity of 181 mAh/g after 1000 cycles
even under harsh conditions (—20 °C, 2 A/g). These demonstrate
the remarkable interfacial stability and rapid Na* diffusion kinet-
ics. Subsequently, Li’s group incorporated 2-methyltetrahydrofuran
(2MeTHF) into THF-based electrolytes to further expand the low-
temperature operation range of HC anodes (Fig. 3a) [62]. The
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2MeTHF effectively decreases the ion-dipole interaction, which fa-
cilitates more anions and fewer solvents occupying the inner Na*
solvation structure (Fig. 3b). Noticeably, the anion-enhanced solva-
tion structures are well maintained in a wide temperature range,
enabling the formation of robust inorganic-rich SEI. In addition,
the designed WSE exhibits a low freezing point of —83.3°C and
high Na* transference number of 0.54. More importantly, the en-
ergy barrier of Nat desolvation and Na* diffusion through the SEI
are significantly decreased with the addition of 2MeTHF, ensuring
the fast interfacial kinetics (Fig. 3c). Benefiting from these mer-
its, the HC anode demonstrates a high reversible capacity (243.2
and 205.4 mAh/g even at —40 and —60 °C, respectively) and excel-
lent cycling stability (negligible capacity degradation after 250 cy-
cles at —40°C). Noticeably, WSE can significantly improve the low-
temperature performance of HC anode, but suffer from low ionic
conductivity and poor salt solubility. Therefore, it is imperative to
develop a WSE with high ionic conductivity and superior salt sol-
ubility, which could further enhance the low-temperature perfor-
mance of SIBs [65].

To achieve the wide-temperature stable operation of SIBs, Lu’s
group proposed a temperature-adaptive electrolyte by employing
an anti-solvent (anisole, AN) to regulate the dipole-dipole interac-
tions in MeTHF/THF-based electrolyte (SMTA) [66]. They disclose
significant temperature-dependent evolution of solvation struc-
tures in the SMTA electrolyte (Figs. 3d-f). At elevated temperature,
a THF-dominated solvation structure is observed due to the in-
creased dipole-dipole interaction between AN and MeTHF. In con-
trast, a stronger dipole-dipole interaction between AN and THF in-
duces a MeTHF-dominated solvation structure at low temperature.
This unique temperature-responsive behavior endows the SMTA
electrolyte with dual advantages: (1) Superior high-temperature
stability to suppress the parasitic reactions and (2) low freezing
point to avoid salt precipitation. These enable a stable operation at
a wide temperature range of —60~55°C, the HC anode delivers a
capacity retention of 73.5% after 250 cycles at 55°C and 87% af-

ter 700 cycles at —40°C. These results demonstrate that the SMTA
electrolyte is a promising candidate for wide-temperature SIBs.
The entropy effects of electrolytes have attracted extensively
attention in recent years. The entropy of electrolyte is closely
related to the physicochemical properties, which remarkably in-
fluences the low-temperature sodium storage performance [33].
In general, rational modulation of electrolyte entropy can effec-
tively enhance ionic conductivity, accelerate desolvation process,
lower freezing points, while facilitate the formation of stable EEIls
[67]. For example, You's group developed an entropy-driven sol-
vation in electrolyte with strong-solvation and weak-solvation sol-
vent mixture to achieve improved ionic conductivity, which greatly
enhances the electrochemical stability at low temperature (Figs.
4a and b) [68]. The designed electrolyte owns a temperature-
adaptive feature, effectively avoiding the salt precipitation (Fig. 4c).
In addition, the solvation structure at low temperature is in fa-
vor of the extraction of anion, ensuring a fast co-intercalation pro-
cess in the HC anode. X-ray photoelectron spectroscopy (XPS) re-
veals that the temperature-adaptive solvation structure tunes the
SEI composition toward more ion conductive nature at low tem-
perature (Figs. 4d and e). Therefore, HC anode shows a negligi-
ble capacity degradation after 500 cycles at —40°C. Meanwhile,
HC|[Nay3Nij4Cuyj1;Mny 50, full cells with the designed electrolyte
deliver a high capacity retention of 90.6% after 400 cycles at
—40°C, demonstrating the huge potential for practical application.
More importantly, the universality of this electrolyte design strat-
egy is verified by a series of strong-solvation and weak-solvation
electrolytes. Similarly, a high-solvation-entropy electrolyte with a
high ionic conductivity of 13.87 mS/cm and Na* transference num-
ber of 0.32 at —40 °C is reported by Wang’s group [69]. The high
entropy electrolyte promotes the formation of anion-derived, thin,
and NaF-rich SEI layer on HC surface with fast interfacial ion trans-
fer. Therefore, the HC anode shows a high capacity retention of
80.6% after 1400 cycles at —40 °C. As shown in Figs. 4f-h, the
undesirable sodium metal plating in HC||Na3V,(POy)3; full cells



X. Zhang, S. Zhou, X. Chen et al.

Chinese Chemical Letters 37 (2026) 111533

(a) Non-adaptive electrolyte (b) Temperature-adaptive electrolyte (C) cip SSIP
~ 3 25°c | 1S e '
jation a e ° «
0-—) i (0'g K, ‘x:(‘\‘ ‘ s f
/ > = &e ¢ l"’ A 4
A strong or weak ' Stionas e von
ion-dipole Interaction Sait precipitation lomsioieNinnclion.  {Bidi preciitilion ssip
-8 - L C
84 ;
& <o ST »S“.:o .
-7 -t = \\'\
Unstable Na*-solvent complex Stable Ma’-soivent complex 93.6% 6.4%
© N Anion R, solvent /M Strongly-solvating solvent Weakly-solvating solvent eNa ¢« P H eC e0 ¢F
(d)[cts 25°C C1s a0°c| (e)[F1s 25°C Fis -40 °C
Omin c=0 0 min " 0 min
¢=0 0 min
esSZ TSN
1 min /Q 1 min i min‘_/\ 1 ’1/\
I
T /(\ 2 p' 2 min 2 mg\
291 288 285 282 291 288 285 282 690 687 684 681 690 687 684 681
Binding energy (eV) Binding energy (eV)
<150 5 7100~
) 5120 e | = (9) a0-c| (h) 40°C
£ AR i ) 1MNaPF,-G2DME | 3 0.5M NaPF,-G2
2 2 * 0.5MNaPF G2 © @
& » 1M NaPF-ECIDEC = ) Be >
S 60 R £ 26 ha Be
8 d 5 [ i
e 30 P £ Lpan s A A At £ )
€ Rt
2 ol 1C=117mAg’
? 0 10 20 30 40 20 25 30 35 40 20 25 30 35 40
Cycle number 2 Theta (degree) 2 Theta (degree)
(I) & ¥ . >4 o * N o | R —o— 101,30
° ° > —- - . i -
g = 1ol .
g - *y - ° ﬂ; %
2 e g S . % ;
3 W 2 * 25°C S 20°C dx, -40°C
3 . s * T
B . 2 K —r—p A\ L K=——n——
& ) % S
4000 8000 12000 16000 ~ O 2000 4000 6000 80000 300 600 900 1200

Power density (W kg™

Power density (W kg™')

Power density (W kg™')

Fig. 4. The solvation structure variations with temperature driven by entropy change: (a) Non-adaptive electrolyte; (b) temperature-adaptive electrolyte. (c) Representative
solvation structures for the optimized electrolyte at 25 and —40°C. (d) C 1s and (e) F 1s XPS spectra of the cycled HC electrodes at 25°C and —40°C. Reprinted with
permission [68]. Copyright 2023, Wiley-VCH. (f) Rate performance of HC||Na3V,(PO,4); full batteries at —40°C. X-ray diffraction patterns and digital photographs (insets) of
HC anodes with (g) 1mol/L NaPFs-G2/DME and (h) 0.5 mol/L NaPFs-G2 electrolytes. (i) Ragone plots of full battery with previously reported SIBs at 25, —20, —40°C (all
based on the total mass of active materials on anode and cathode). Reprinted with permission [69]. Copyright 2024, Wiley-VCH.

at —40 °C is avoided by using high-solvation-entropy electrolyte,
which effectively improves the fast-charging performance. More
importantly, the HC||Na3V,(PO4); full cells show a record-high
power density of 1132.31 W/kg at —40 °C (Fig. 4i). Recently, Chen’s
group designed a temperature-adaptive solvation structure by in-
troducing ultraweak solvent (1,3-dioxolane, DOL) into the diglyme
(G2)-based electrolyte, which balances the high ionic conductivity
and low desolvation energy barrier [70]. The dipole-dipole inter-
action between DOL and G2 induces an anion-reinforced solvation
structure at low temperature, which effectively reduces the des-
olvation energy barriers. Furthermore, the unique solvation struc-
ture facilitates the formation of robust inorganic-rich SEI, ensuring
fast Na* transport at low temperature. Even at —40°C, the Na||HC
half cells achieve high reversible capacity (220.8 mAh/g) and su-
perior cycling stability (capacity retention of 91.9% after 900 cy-
cles). However, the existence of multiple solvents/salts not only in-
creases the complexity of electrolyte preparation, but also possi-
bly compromises the intrinsic advantages of individual components
while amplifying their inherent limitations. Therefore, the devel-
opment of high-entropy electrolytes based on simple components
holds significant scientific and practical importance.

Apart from solvent optimization, introducing electrolyte addi-
tives is also an effective strategy to boost sodium storage perfor-
mance [71]. Electrolyte additives represent a simple, effective, and
economical strategy for enhancing battery performance. Electrolyte
additives can modify the Na* solvation structure and simultane-
ously facilitate the construction of uniform and stable EEIs, which
effectively accelerate interfacial kinetics [72]. For instance, Li and
co-workers proposed an electrolyte reconfiguration strategy based
on the hard and soft acid and base theory by introducing methyl-
triphenylphosphonium bromide (MTPPB) additive [73]. MTPPB can
realize a spontaneous cross-coordination solvation structure with
NaPFg through the MTPP*-PFs~ and Na*-Br~ interaction, which
significantly reduces the coordination number of solvent with ac-
celerated desolvation kinetics. Meanwhile, the unique chemical -
7 bridging of MTPP+-HC ensures the preferential decomposition of
PFg~ for a NaF-rich low-impedance supramolecular SEI layer. As a
result, the HC anode with MTPPB-containing electrolyte shows an
obvious improved reversible capacity, initial Coulombic efficiency,
rate performance and cycling stability at —20°C.

Alloy anodes with high reversible capacity are also applied in
SIBs [74]. Wang’s group incorporated MeTHF into dimethoxyethane
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(DME)-based electrolyte to obtain a temperature-independent
anion-reinforced solvation structure (Fig. 5a) [75]. The anion-
reinforced solvation structure not only reduces the desolvation
energy of Nat but also facilitates the formation of stable NaF-
rich SEI layer with low Na* diffusion barriers (Fig. 5b). Com-
pared with DME-based electrolyte, the energy barrier of Na*t
across the SEI layer in MeTHF/DME-based electrolyte is reduced
from 291.2 meV to 89.6 meV (Fig. 5c). Therefore, the Bi||[Na
half cell achieves stable operation in a wide temperature range
from —40°C to 80°C, exhibiting a high capacity retention of
96.34% after 300 cycles at —20°C. In addition, the potential of
the designed electrolyte for practical wide-temperature SIBs is
demonstrated by HC||Na3V,(POy)s3 full cell. Similarly, Yang and co-
workers introduced DOL as co-solvent into G2-based electrolyte
to boost the low-temperature sodium storage performance of Sn
anode [76]. DOL effectively regulates the solvation structure, en-
abling the reduced desolvation energy and constructing a ro-
bust SEI (Figs. 5d-f). As shown in Fig. 5g, the commercial Sn
microparticles anode shows a superior cycling stability even at
—40°C, maintaining a high capacity retention of 79.3% after 1500
cycles.

3.1.2. Cathode materials

Cathode material as a key component of SIBs is closely related
to the electrochemical performance. Therefore, various electrolyte
design strategies are employed to improve the low temperature
sodium storage of cathode materials. For example, Wang’'s group
developed a weakly solvating ester-based electrolyte to accelerate
the charge transfer kinetics for high-voltage Na3V,(PO4),F; cath-
ode [77]. As shown in Fig. 6a, solvent-separated ion pair with
weakly-bonded Na™/solvent structure is formed in the designed
electrolyte. The unique solvation structure facilitates the formation
of a dense and uniform cathode-electrolyte interface (CEI) on the

surface of Na3V,(PO4),F3 cathode, which effectively boosts the in-
terfacial kinetics (Figs. 6b and c). In addition, the structural sta-
bility of Na3V,(PO4),F3 cathode materials is significantly improved
by using the designed weakly solvating electrolyte. Therefore, both
of Na||Na3V,(POy4),F3 half cells and HC||Na3V,(PO4),F3 full cells
deliver superior rate performance and cycling stability at —25°C.
Similarly, they reported a weakly solvated ether-based electrolyte
to unlock the application of NasV,(PO,4),F3 cathode materials at
extremely low temperature conditions. Subsequently, You’s group
designed a high-voltage THF-based electrolyte for low-temperature
SIBs [78]. The strategic incorporation of propylene carbonate (PC)
and ethoxy(pentafluoro)cyclotriphosphazene (PFPN) synergistically
improve the anti-oxidation stability and avoid electrolyte crys-
tallization at low temperature (Fig. 6d). This optimized formu-
lation concurrently facilitates the formation of thin, robust, and
inorganic-dominated CEl on Na,;Mny;3Nij;30, surface, ensuring
the superior electrochemical performance (Figs. 6e and f). As ex-
pected, the Na||Na,;3Mny3Nij;30, cell delivers 89.3% of its room-
temperature capacity with a high capacity retention of 94.1% after
100 cycles at —40°C, significantly higher than the pure THF-based
electrolyte (Figs. 6g-i).

Carboxylate esters have emerged as promising electrolyte sol-
vents for low-temperature SIBs due to their advantageous low
melting point and viscosity [79]. Recently, Wu's group devel-
oped a methyl propionate (MP)-based electrolyte by incorporating
fluoroethylene carbonate (FEC) as film-forming co-solvent, which
remarkably enhances the low-temperature performance of SIBs
[80]. This engineered electrolyte demonstrates dual functional-
ity: (1) Endows superior ionic conductivity and ultra-low melt-
ing point; (2) Promotes the formation of robust CEI on high-
voltage Nas3V,(PO4),0,F cathode surfaces. The robust CEI layer
plays a pivotal role in optimizing Na* transport kinetics while
ensuring interfacial stability. These synergistic effects enable un-
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precedented electrochemical performance, achieving stable opera-
tion of Na||Na3V,(PO,4),0,F cells at extreme low-temperature con-
ditions (—40 °C), maintaining 96 % capacity retention after 100 cy-
cles. Subsequently, Pang’s group employed ethyl propionate (EP) to
realize all-climate SIBs operating across a wide temperature range
(Fig. 7a) [81]. The introduction of EP into conventional ester-based
electrolytes significantly decreases the glass transition tempera-
ture and enhances the ion conductivity (Figs. 7b and c). Concur-
rently, sodium difluoro(oxalato)borate (NaDFOB) and succinonitrile
(SN) were employed as synergistic film-forming additives, effec-
tively promoting the formation of uniform inorganic-rich EEI (Fig.
7d). As shown in Figs. 7e and f, the Na||Na3V,(PO,4); half cell ex-
hibits exceptional cycling stability and remarkable rate capability
across an extensive temperature at a wide temperature range from
—45°C to 60°C.

Low-concentration electrolytes have attracted significant atten-
tion due to their advantages such as low cost and low viscos-
ity, but their relatively poor low-temperature performance hin-
ders their practical applications [82]. Xie's group employed 2,2,2-
trifluoroethyl acetate (ETFA) as multifunctional additive into a di-
lute electrolyte (0.5mol/L) to address low-temperature challenges
in SIBs [83]. The ETFA-containing electrolyte shows a high ionic
conductivity and low viscosity. In addition, the ETFA effectively
weakens the interaction between Nat and solvents due to the
strong electron-withdrawing effect of -CF; group, enabling a fast
desolvation process. Concurrently, ETFA decomposition contributes
to a robust F-rich EEI with fast Na* transport kinetics. As a re-
sult, the FeNi co-doped Mn-based Prussian blue cathode exhibits a
high capacity retention of 92.1% after 1120 cycles at —20°C. Simi-
larly, Qiao et al. developed a low concentration electrolyte to boost
the wide-temperature performance, which owns the advantages
of low cost, rapid ion diffusion and superior wetting properties

[84]. Compared with the conventional concentration electrolyte,
the Na||FePO,4 cell with low concentration electrolyte shows a bet-
ter electrochemical performance at the wide temperature range
(—=20~55°C).

In general, high desolvation energy barrier is the critical fac-
tor that limits the low-temperature performance of sodium-ion
batteries. Li’s group employed high electron affinity of the tri-
fluoroacetate anion (TFA~) to regulate the solvation chemistry of
1.0mol/L NaPFg-G2 electrolyte, achieving an anion-reinforced sol-
vation structure at conventional concentrations to significantly re-
duce the desolvation energy (Figs. 8a and b) [24]. As confirmed by
23Na NMR, Raman spectra and theoretical calculations, the TFA~
preferentially occupies the inner solvation sheath of Na* (Fig. 8c).
Compared with the 1.0 mol/L NaPFg-G2 electrolyte, the strongly co-
ordinating TFA~ enables more PFg~ anions and fewer G2 molecules
to occupy the inner solvation structure, which accelerates the in-
terfacial desolvation process with decreased desolvation energies
(Figs. 8d and e). Even at —40 °C, the Na||NasV,(POy4)3 cell deliv-
ers 60.2% of its room-temperature capacity with a high capacity
retention of 99.2% after 100 cycles. Notably, variable-temperature
molecular dynamics simulations and Raman spectra reveal the
temperature-dependent solvation structure evolution, where the
coordination number of PFg~ anions significantly increases with
decreasing temperature (Figs. 8f and g). Subsequently, they in-
tegrated THF into G2-based electrolyte to construct the anion-
rich solvation structure. This tailored solvation structure signifi-
cantly reduces desolvation energy while promotes the formation
of robust NaF-rich electrode-electrolyte interface, which concur-
rently enables homogeneous sodium deposition and enhances in-
terfacial ion-transport kinetics. In addition, they develop a carbon
nanotubes-modified P2-Nagg;Mngg7Nig330; (NMNO-CNTs) cath-
ode, effectively addressing electron transport limitations in con-
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Reprinted with permission [24]. Copyright 2024, National Academy of Sciences.

ventional layered oxide cathodes [85]. The synergistic effects un-
lock the charge transfer limitation of SIBs at low temperatures, re-
alizing a superior cycling stability of both half cells and full cells
even at —40°C. More importantly, The HC||Nag g7 Mng g7Nig 330, full
cell delivers a high energy density of 237.6 Wh/kg at —40 °C.

The origin of voltage oscillation of SIBs at low temperatures is
investigated by Chao’s group [86]. Combining the theoretical cal-
culations and in-/ex-situ characterization techniques, they demon-
strated that voltage oscillation stems from the local phase transi-
tion of Na3zV,(PO4); cathode. To address this challenge, the team

designed a G2-based electrolyte to unlock desolvation kinetic lim-
itations and accelerate interfacial ion transport at —40°C. This
optimized electrolyte effectively suppresses local phase transition
in Na3V,(POy4);, eliminating voltage oscillations and enabling re-
markable low-temperature performance. The Na3V,(PO4); cath-
ode achieves 75.3% capacity retention at —40 °C. Notably, the
sodium titanates||Na3V,(PO4); full cell further demonstrates ex-
ceptional cycling stability under low temperature, underscoring
the viability of this strategy for practical low-temperature SIBs
applications.
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3.2. Full cell perspectives

The simultaneous optimization of the electrochemical perfor-
mance of both cathode and anode materials at low temper-
atures represents a critical breakthrough in constructing high-
performance sodium-ion full batteries and accelerating their com-
mercialization. Lu’s group proposed a low-concentration elec-
trolyte (0.5mol/L NaPFg in G2, 0.5M-D) that facilitates the for-
mation of thin, amorphous, homogeneous and organic-rich CEI
at low temperature (Fig. 9a) [59]. As shown in Fig. 9b, the as-
formed CEI effectively improves the interfacial Na™ dynamics due
to the faster Na® migration through organic components than
inorganic components. In addition, the side reaction between
electrode materials and electrolyte during the charge/discharge
process is eliminated, enabling a superior structural stability
of electrode materials. Compared with the conventional elec-
trolyte, the low temperature sodium storage performances of
Nag 7Lig.03Mgg03Nig27Mng gTig 970, cathode and HC anode are si-
multaneously improved in the designed electrolyte (Figs. 9c and d).
More importantly, the full cells deliver a high capacity retention of
83.2 % after 100 cycles at —30°C (Fig. 9e).

Subsequently, Wu’s group introduced tris(trimethylsilyl) phos-
phite (TMSPi) and FEC as additives into PC-based electrolyte to
realize a ultrawide-temperature SIBs [87]. As shown in Fig. 10a,
TMSPi exhibits a dual role on acting as a sacrificial agent for
film formation while synergizing with FEC to generate reactive in-
termediates via interfacial decomposition. During FEC's defluori-
nation hydrolysis producing HF, it simultaneously exhibits supe-
rior HF scavenging capability. In addition, the oxidative decom-
position of TMSPi favors the stable CEI on the surface of the
cathode, while FEC facilitates the formation of robust SEI on HC
anode. The robust CEI/SEI features improved ion transport capa-
bility and excellent structural/thermal stability, ensuring a supe-
rior electrochemical performance of both cathode and anode at

a wide temperature range (Fig. 10b). As shown in Figs. 10c-g,
HC||Na3V,(P0O4),0,F full cells show excellent adaptability over a
wide temperature range from —25°C to 50 °C, maintaining a high
capacity retention of 94 % after 500 cycles at —25°C and 93 % after
1000 cycles at 50°C. Noticeably, Nan’s group applied trimethylsi-
lyl methanesulfonate (TMSS) as trifunctional additive to boost the
low-temperature sodium storage of carbonate ester-based elec-
trolyte [88]. The solvation structure is regulated by TMSS, resulting
in a significant decrease in desolvation energy from 64.11 k]/mol to
46.84 k]/mol. Meanwhile, the HF and water are effectively removed
after incorporation of TMSS, ensuring a superior structural stability
of electrode materials. The introduction of TMMS induces the for-
mation of robust sulfur-rich CEI and silicon-rich SEI films, which
effectively avoids the interfacial side reactions. Therefore, the as-
sembled HC||NaNig33Feq33Mng 330, pouch full cell shows a supe-
rior cycling stability at high cut-off voltage of 4.0V and wide tem-
perature range (—30-60°C). They also proposed a “hard-soft syn-
ergy” strategy to design functional multi-component electrolytes
for wide-temperature SIBs [89]. Coupling “hard”-sodium difluo-
rophosphate (NaDFP) with “soft”-tris(trimethylsilyl)borate (TMSB)
to enable an anion collaborative solvation structure, which facil-
itates the formation of tough and multi-component EEI for im-
proved cycling stability. In addition, the designed electrolyte owns
a low desolvation energy barriers and viscosity, ensuring a superior
low-temperature performance. Compared with conventional elec-
trolyte, the cycling stability of HC||NaNig33Feq33Mng330, full cell
with the designed electrolyte is significantly improved, maintain-
ing a high capacity retention of 95% after 350 cycles at —10°C.
Sodium salts, as essential components of electrolytes, play a
pivotal role in determining both the physicochemical properties
and manufacturing costs of the electrolytes [90]. In addition, the
types of salt are closely related to the solvation structure and the
EEls. Rational optimization of sodium salt species enables effective
tailoring of the solvation structure, which consequently reduces
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the desolvation energy barrier of Na* and enhances interfacial ion
transport kinetics. This strategic approach leads to remarkable im-
provement in the low-temperature electrochemical performance of
SIBs [91]. Recently, Cao and coworkers achieved breakthrough cy-
cle stability and low-temperature performance in SIBs through in-
novative application of NaDFOB-based ether electrolytes [92]. As
shown in Fig. 11a, NaDFOB is prepared via a facile and scalable lig-
uid precipitation technique, demonstrating the huge potential for
practical application. As shown in Figs. 11b-d, the NaDFOB pro-
motes the formation of dense, robust EEI on electrode surfaces,
significantly enhancing the interfacial stability. This enables Ah-
level HC||Na4Fe3(PO4),P,0; pouch cell with NaDFOB-based ether
electrolyte to maintain stable operation at a wide temperature
range from —40°C to 60°C, showing an excellent cycling stability
at —20 and 60°C (Figs. 11e and f). Similarly, Ma’s group employed
electron-attracting DFOB~ anions to establish an anion-reinforced
solvation architecture, effectively weakening Na*-solvent interac-
tions through synergistic coordination [93]. The unique solvation
structure enables accelerated desolvation kinetics, significantly en-
hancing the rate capability of SIBs. In addition, the electrolyte for-
mulation facilitates the concurrent formation of dense, stable and
inorganic-rich EEI on cathode and anode surface, which effectively
inhibits the side reaction and irreversible phase transition. There-
fore, the HC||NagjFe3(PO4),P,0- pouch cell with the designed elec-
trolyte exhibits excellent cycling stability, achieving capacity reten-
tion rate of 98.3% and average CE of >99.8% after 500 cycles at
-20°C.

4. Summary and outlook

SIBs are regarded as promising candidates for large-scale en-
ergy storage systems in extreme low-temperature environments

10

due to their abundant sodium resource reserves, low manufactur-
ing costs, and potential advantages in low-temperature adaptabil-
ity. As a core component of SIBs, electrolytes play a key role on
Na* transfer kinetics, significantly influencing the low-temperature
performance. This review systematically summarizes recent ad-
vancements in organic liquid electrolytes for low-temperature SIBs.
We firstly analysis the failure mechanisms of SIBs under low-
temperature conditions from the perspective of charge trans-
fer kinetics. Subsequently, comprehensive electrolytes optimization
strategies for low-temperature SIBs are discussed from both half
cell and full cell dimensions. In general, the key physicochemi-
cal parameters of electrolyte (ionic conductivity, viscosity, freez-
ing point, etc.), solvation structures and electrode-electrolyte inter-
facial chemistry can be regulated by electrolyte component opti-
mization (including solvent regulation, sodium salt selection, and
additive incorporation) and salt concentration engineering (Fig. 12).
The synergistical effects significantly enhance Na* transfer kinet-
ics under low-temperature operation, leading to breakthroughs in
critical performance metrics such as reversible capacity, rate per-
formance, cycling stability, and Coulombic efficiency. To visually
demonstrate the performance enhancement achieved by electrolyte
engineering, the electrochemical performance parameters of repre-
sentative low-temperature sodium-ion battery electrolyte systems
are summarized in Table 1.

To promote the development of low-temperature electrolyte for
SIBs, we suggest that future researchers focus on following direc-
tions (Fig. 13): (1) Revealing the structure-function relationship be-
tween solvation structures and EEI chemistry, and elucidating the
regulatory mechanism of solvation structures on interfacial charge
transfer kinetics. (2) Systematically investigating the temperature-
responsive characteristics of solvation structures, with emphasis on
the evolution mechanisms of solvation structures and desolvation
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Fig. 11. (a) Schematic illustration of the synthesis of NaDFOB from H3BOs, H,C,04, and NaF. (b) TEM images of NayFe;(PO,4),P,0; and HC electrodes after cycling. (c) Depth
distribution of B3>+ and F- ion fragment contents and (d) distribution of elements on NayFes(PO4),P,0; and HC electrodes analyzed by TOF-SIMS. (e) Discharge curves of
HC||NayFe3(PO4),P,0, pouch cell at —20, —40, and 60 °C. (f) Cycling performance of HC|| NagFe3(PO4),P,07 pouch at —20°C. Reprinted with permission [92]. Copyright 2024,

Wiley-VCH.
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Fig. 12. Various liquid electrolyte designs for low-temperature SIBs.

kinetics under low-temperature conditions. (3) Unlocking the lim-
itations of current low-loading electrodes and small-capacity coin
cells for low-temperature performance evaluation, instead adopting
high-loading electrodes and large-capacity pouch/cylindrical cells
to assess the practical application potential of electrolyte design
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Fig. 13. Development of electrolytes for low-temperature SIBs.

strategies. (4) Establishing a multi-dimensional database for low-
temperature electrolytes, encompassing parameters such as solvent
types, salt concentrations, and additive, integrating materials ge-
nomics and machine learning technologies for precise electrolyte
design. (5) Combining in-situ advanced characterization techniques
with theoretical calculations to uncover the rate-determining steps
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in low-temperature sodium-ion batteries, thereby guiding the de-
sign of optimized electrolytes.
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