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A perspective on low-temperature electrolytes for sodi-
um-ion batteries

Tianze Shi'2$, Ruilin Hou'?$ and Shaohua Guo'?"

As an ideal candidate for the next generation of energy storage devices, sodi-
um-ion batteries (SIBs) have received tremendous attention in recent years. s
However, the more extensive and harsh application environment puts forward &

higher requirements for the low-temperature SIBs, which is mainly limited by
electrolyte-related sluggish ion transport at low temperature. This perspective
focuses on the low-temperature electrolytes of SIBs, and provides the in-depth
understanding of the failure reasons of organic and aqueous electrolytes in SIBs
at low temperature. Then, the research progress in the low-temperature organ-
ic/aqueous electrolytes are comprehensively summarized and systematically
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s a potential alternative for lithium-ion batteries

(LIBs), sodium-ion batteries (SIBs) have broad ap-

plication prospects in large-scale power grid en-
ergy storage, mopeds, and other fields due to their similar
electrochemical properties to LIBs as well as abundant sodi-
um metal resources and low cost.l'-3! Predictably, the increas-
ingly mature SIB technology is bound to face a broader ap-
plication field and a worse working environment, especially
extreme low temperature conditions, such as high
latitude/altitude area, outer space exploration and underwa-
ter operation.l6-2 However, the research of low-temperature
(LT) SIB technology is still in infancy. It is necessary and ur-
gent to have an in-depth understanding and comprehensive
review of LT-SIBs technology.

There are several key factors that limit the development of
LT-SIBs, such as the decrease in electrode reaction rate,
changes in electrode material properties, high freezing point
of electrolytes, reduced electrolyte ionic conductivity, and de-
creased migration ability of Na*. Currently, most of the re-
search on LT-SIBs focused on the electrode materials design,
including the construction of three-dimensional ionic chan-
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nelsl13-191 optimization of electronic conductivity20-24 and
electrode kinetics enhancement(25-29, as shown in Table 1.
The purpose of all above strategies is facilitating the sluggish
solid-diffusion process of Na* and improving the contact
between electrode materials and electrolyte at LT. However,
the optimization of LT performance of SIBs by modifying elec-
trode materials is very limited. In addition, the LT perform-
ance of SIBs can also be improved to some extent by artifi-
cially designing the electrode/electrolyte interface.30-331 Ob-
viously, both electrode optimization and artificial interface
are not only difficult to operate, but also will greatly increase
the production cost of SIB, which is not friendly to industrial
production. Inspired by LT-LIBs technology, we can know that
the slow ion transport associated with the electrolyte at LT is
the main reason for limiting the LT performance of the bat-
tery.34-361 |n addition, the design of LT electrolyte is more
suitable for industrial production of SIB and the cost is con-
trollable.

In terms of the LT-SIBs, the main problems they faced at LT
are the low ionic conductivity of bulk electrolyte, high
desolvation energy and sluggish Na* diffusion kinetics in the
electrode/electrolyte interface.l37:38 Specifically, the viscosity
of the electrolyte inevitably increases and the ionic conduct-
ivity decreases accordingly at LT, resulting in the slow trans-
port of Na* in the bulk electrolyte.’394% Then, the solvated Na*
will undergo desolvation before entering the electrode ma-
terial.*"! The high desolvation energy at LT greatly limits the
ion transport rate, which is proved to be the rate-controlling
step of ion transport at LT.#243] Although some studies at-
tempted to circumvent this problem, they faced to the severe
volume change of the electrode materials caused by the co-
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Table 1. The comparison of LT performance of various electrode materials for SIBs.

Electrode Design Electrolytes

Cathode||Anode

Capacity

Lowest Operation Specific Capacity Retention/ Ref

Temperature (°C) ~ (mAhg™)

Strategies Number of Cycles
- Ca-doped Na;V,(PO,) [3]
1 M NaClO, in PC 5vol%FEC 372 N3 . .39
The Construction oI VTR (CNVP@C/3DNC-0.1)[|Na 0 1123 96:3%/5001 ¢
of Three- 1 M NaClO, in EC/DEC (1:1 vol) MoS,@MXene@D-TiO,||Na -30 25350mAg~' —/10050mAg~" 4
dimensional lonic 1 M NacClO, in PC/EC (1:1 vol) - 4]
Channels SyOI%FEC Na3V(PO,)3/C||NaTi,(PO,)3/C -20 601C —/1000 10C/20 C
1 MNaClO, in PC/EC 5Wt%FEC 3D Se/graphene composite||Na -25 2590.05Ag™" 10002Ag™" D08
1 M NaPF4 in PC/EMC 5vol%FEC carbon-coated Fe;BO;||Na —40 29250 mA g™ _ 121
1 M NaPF in PC/EMC 5voI9%FEC Na3Fe§E%§gi@°§fégsl|carb —40 45105C —2001C 2V
Optimization of .
il 1 M NaCF550; in DEGDME FePSe;||Na 30 2305Ag-"  —/30005Ag- 20
Conductivity 1 M NaClQ, in PC 5vol%FEC NaFePO,@C||Na -10 114.101C —-/10002C [22]
1 M NaClO,4 in PC 5vol%FEC NaFePO,@C||Na —-20 103.80.1C /10002 C 122]
1 M NaPFg in diglyme Nag gFeggTi; 204]|Na -20 7002C - 23]
0,
1 M NaCF;50; in diglyme TisCo~Niuncd[Na 25 201005Ag-1  S09%/3000TA
Electrode Kinetics . 9
Enhancement 0.5 M NaCF3SO3 in DME CoGa,S,@G||Na —60 2M4361202Ag™" —/10001Ag™" [
1 M NaCF;505 in diglyme TiO,—B/anatase||Na _25 12210C —/100010C 7

intercalation/extraction behavior during the charging-dis-
charging process and the limitation of material
selection.[2627.44] |n addition, the LT performance of SIBs will
also be affected by the slow ion diffusion in solid electrolyte
interphase (SEl), whose component and structure depend on
the electrolyte formula.[546] Obviously, the design of LT elec-
trolyte plays a key role in improving the LT performance of
SIBs.

Here, we attempt to break through the bottleneck of LT
performance of SIBs from the aspect of electrolyte optimiza-
tion (Figure 1). Firstly, the reasons that limit the LT perform-
ance of organic electrolyte are analyzed, and the property re-
quirements and design criteria of LT organic electrolyte for
SIBs are proposed. And the research progress of ester-based,
ether-based and ionic liquid LT electrolytes are summarized,
comprehensively. Then, the LT failure mechanism of aqueous
electrolyte is analyzed, and its application potential in LT-SIBs
is pointed out. The design strategies of LT aqueous electro-
lyte are summarized from two aspects of high-concentration
and hybrid electrolytes. Finally, we provide promising re-

search strategies and pathways towards improving the LT
performance of SIBs from the perspective of electrolyte
design in the future.

Organic Electrolytes

Fundamental of LT Organic Electrolyte

Research on LT electrolytes for SIBs has been gaining mo-
mentum over the past decade. Initially, from 2018 to 2020,
the main strategies employed to reduce the freezing point of
organic electrolytes were to add functional additives or use
EC-free solvents. Recently, some new strategies have been
proposed to further lower the freezing point of the electro-
lyte and enhance its ion conductivity at LT. For instance, a
method combining multiple solvents was proposed in 2020
by Liu et al.*8, and the weak solvation strategies emerged in
2022, which further accelerated the interfacial ion kinetics at
LT. Through above strategies, the sodium-ion electrolytes
have achieved lower freezing point, resulting to improved LT
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Fig.1 Electrolyte design strategies for LT-SIBs.
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performance in SIBs. In the initial stages, in order to meet the
needs of anode for the reduction stability of electrolyte, or-
ganic electrolyte is the preferred electrolyte for SIBs. To ob-
tain high ionic conductivity of organic electrolyte, high polar
organic solvent is usually selected, which can effectively dis-
sociate sodium salt through strong ion-solvent interactions.
For example, inspired by the commercial electrolyte of LIBs,
cyclic ethylene carbonate (EC) is selected to dissolve NaPFg,
resulting to the electrolyte of SIBs.*9! However, due to the
high viscosity of EC, the conductivity of single EC electrolyte
cannot meet the requirements of SIBs at room temperature,
let alone the harsh LT environment.5% Even if diluted by con-
ventional low polarity solvent, the ionic conductivity of EC-
based organic electrolyte will rapidly decrease with the tem-
perature, which undoubtedly seriously affects the LT perform-
ance of sodium-ion electrolyte.[>1:521 In addition, in Na* organ-
ic electrolyte, Na* usually exists in bulk electrolyte in the form
of solvated ion, while its storage in electrode material is
mainly in the form of bare ion. Therefore, solvated ions usu-
ally need to be desolvated at the electrode-electrolyte inter-
face, which has been proved to be the rate-limiting step of
ion transport at LT.53-531 I there is SEI/CEI film at the interface,
the bare ion diffusion rate across SEI/CEI film will also affect
the ion transport kinetics.56-59 Generally, the diffusion rate of
cations in SEI/CEl films is typically determined by their com-
position and structure. The inorganic-rich SEI/CEI films tend
to exhibit higher ionic conductivity compared with organic-
rich SEI/CEl, with the conductivity generally following the
trend of nitrides > fluorides > oxides. In addition, the thinner
SEI/CEI films have shorter ion diffusion distances, which are
conducive to achieving faster ion transport. It is well-known
that SEI/CEl is derived from the decomposition of the electro-
lyte at the interface. Therefore, the composition and struc-
ture of SEI/CEI films can be regulated by adjusting the com-
ponent and solvation structure of the electrolyte. In summary,
whether the objective is to reduce the freezing point of the
electrolyte or optimize the ion diffusion rate at the interface,
both of them can be optimized by electrolyte designing.

To this end, the ideal LT organic electrolyte should have
high LT ionic conductivity, low LT desolvation energy and fast
LT ionic diffusion rate in SEI/CEI film. The design of LT organic
electrolyte should follow the following requirements, theoret-
ically. First, the organic electrolytes should have the lowest
possible freezing point, which can ensure that they have suffi-
cient charge-carrier ions concentration at LT. Second, the
solvation structure of the electrolyte should have a weak
solvation energy, which can accelerate the ion desolvation
process at LT.[9) Finally, the LT organic electrolyte should be
able to derive a thin and inorganic-rich SEI/CEI film, which can
ensure the basic role of the film while shortening the ion dif-
fusion distance and accelerating the ion diffusion rate. In fact,
the research of LT Na* organic electrolyte has always fol-
lowed the above principles, which will be reviewed in detail
in the following section.

Advances in developing in LT Organic Electrolyte

Ester-based Electrolytes

Carbonate based solvents, especially EC, are the most
widely used organic solvents in commercial SIB, due to their
high solubility, excellent high-voltage oxidation stability and
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low-voltage SEI film forming ability. However, their high vis-
cosity at LT has greatly damaged the LT performance of SIBs.
Generally, the ionic conductivity and viscosity of EC-based
electrolyte at LT can be effectively improved by mixing with
low-freezing point solvent, such as propylene carbonate
(PQ)¢3], diethyl carbonate (DEC)©465 and ethyl methyl car-
bonate (EMQ)©9l, For example, when the temperature lower
than —10 °C, the conductivity of EC-based electrolyte (1.0-
EP:1.0 M NaPF4 in EC/PC, 1:1 by vol) decrease and its viscosity
increase, evidently (Figure 2a and 2b). With the increase of di-
lution degree (0.8 M NaPF4 in FEC/EMC/HFE, 3:3:4 by vol), its
LT conductivity and viscosity have been effectively improved.
It is noteworthy that it is feasible to classify this electrolyte as
either a weakly solvating electrolyte or a localized high-con-
centration electrolyte. On the one hand, the HFE solvent is in-
deed a commonly used diluent that does not directly interact
with cations/anions in the electrolyte. Therefore, the above
electrolyte can be classified as a localized high-concentration
electrolyte.[”l On the other hand, as the main solvent, FEC
also serves as the primary solvent for dissolving sodium salts
and forms weak solvating structures with Na*. Therefore, the
above electrolyte could also belong to weakly solvating elec-
trolyte. Subsequently, various binary or ternary-solvent elec-
trolytes are broadly used in the SIBs. Except to improving the
ionic conductivity of the LT electrolyte, some functional addit-
ives can be used to optimize the ion transport rate at inter-
face. For instance, Song et al.l64! developed a kind of electro-
lyte of 1.0 M NaPF4 in EC/DEC/PC (1:2:1 by vol) with 5 vol%
fluoroethylene carbonate (FEC) and 3 vol% adiponitrile (ADN)
as additives. The Nag7¢Nig3Feq4Mng30, || hard carbon (HC)
pouch cell using this kind electrolyte achieved 76.45% room-
temperature (RT) discharge capacity retention at —20 °C in
02C.

According to the previous analysis, EC is the main compon-
ent that causes the poor LT performance of the EC-electrolyte.
Therefore, the development of other main-solvents to re-
place EC is expected to further reduce the freezing point of
the electrolyte and the operating temperature of SIBs. Among
various commonly used ester-based solvents, PC can replace
EC as the main-solvent of SIB because of its good compatibil-
ity with HC anode. Thanks of its low freezing point of —49 °C,
PC-based electrolyte can obtain excellent LT performance. For
instance, Che et al.*8! tested pouch cells (NaNi,;sFe;,sMn; /30,
[| HC) with 1.0 M NaPFg in PC/EMC (1:1 by vol) as electrolyte
and discovered that the RT capacity retentions of these cells
reached 52.16% at —40 °C (Figure 2c¢). In addition, fluorinated
solvent is another excellent alternative to EC for the design of
LT electrolyte (Figure 2d). Compared to non-fluorinated
solvents, fluorinated solvents have many advantages in LT
electrolytes.[581 On the one side, due to the strong electroneg-
ativity of the fluorine atom, fluorinated solvents have weaker
solvation ability, leading to weaker intermolecular forces and
potentially lower freezing points. On the other side, the C-F
bond has a lower LUMO energy level, making fluorinated
solvents more likely to form a SEI containing fluorinated inor-
ganic compounds by reduction on the electrode surface,
which has a higher ionic conductivity than the EC-derived car-
bonate SEI. For example, Liu et al.l62] designed an EC-free elec-
trolyte with a formula of 1.0 M NaTFSI-FEC/FEMC/fluoroben-
zene (FB) (3:3:4 by vol), which exhibited the lower freezing
point of —50.5 °C. First of all, compared with EC, the fluorin-
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Fig.2 alonic conductivity and b viscosity of EC-based electrolytes changes from —40 °C to 30 °C.°" Copyright 2021, Elsevier. c Capacity reten-
tion of pouch cells with EC-based and EC-free electrolytes at various temperatures.*8) Copyright 2021, Elsevier. d Representative solvation
structure conducted by MD simulations. e Viscosity and f ionic conductivity of different electrolytes changes from —40 °C to 80 °C. g The bind-
ing energy between Na* and corresponding solvents. h Nyquist plots and EIS fitting for the Na || Na symmetric cells of EC-based electrolyte and
WT electrolyte from —20 °C to 60 °C after 3 formation cycles. i Cycling performance of NasV,(PO,); || Na cells with different electrolytes at 0.5 C,
—20 °C.[2 Copyright 2022, Elsevier. (1.0-EP: 1.0 M NaPFg in EC/PC, 1:1 by vol; 1.33-FE: 1.33 M NaPFg in FEC/EMC, 1:1 by vol; 0.8-FEH: 0.8 M NaPF

in FEC/EMC/HFE, 3:3:4 by vol).

ated carbonate main-solvents have low freezing points (FEC,
20 °C). Moreover, co-solvent FB had low freezing point of —42
°C, which was beneficial to maintain low viscosity (Figure 2e)
and high ionic conductivity (Figure 2f) of the electrolyte at
subzero temperature. Meanwhile, as an inert diluent, FB could
weaken the coordination of Na+*-solvent (Figure 2d and 2g),
resulting in alleviating the decomposition of solvent mo-
lecules on the sodium metal anode (SMA) surface. As a result,
an organic-inorganic adaptive thin SEl formed on the SMA
surface at —20 °C, which renders a 16-fold decrease of cell im-
pedance and induced the dense Na deposition in comparis-
on with the conventional EC-based electrolyte (Figure 2h). In
addition, as shown in Figure 2i, the NasV,(PO,); || Na half-cell
with this EC-free electrolyte exhibited a discharge capacity of
73.9 mAh g1, 72.8% of the RT capacity, which is much higher
than that of the EC-based (35.5 mAh g~') and F-carbonate
(39.9 mAh g7) electrolytes. In addition, the longer lifespan
(500 cycles) and high CE (99.6%) at —20 °C also proved that
the EC-free electrolyte design strategy is effective. Similar
electrolyte design strategy was also applied to other LT elec-
trolytes, such as 0.8 M NaPFg in FEC/EMC/HFE (3:3:4 by vol){66!
and 0.58 M NaBOB-NMP/TMP (1:1 by vol) as shown in Ta-
ble 2.

Generally, commonly used ester-based solvents have high
polarity and poor LT performance. In addition, they are prone

Energy Lab 2023, 1, 230003

to form SEI primarily composed of carbonates, which has
poor conductivity. Furthermore, ester-based solvents have
poor compatibility with high-capacity SMAs, which limits
their potential use in LT sodium metal batteries. However,
they usually exhibit excellent high-voltage stability.

Ether-based Electrolytes

As analyzed in section 2.1, the ideal LT electrolyte should
have high ionic conductivity, low solvation energy and fast
ion diffusion rate within SEI film. All of them point to weak
solvation in theory. For the electrolyte of SIB with fixed
charge-carrier ion type, the strength of solvation energy de-
pends on the selected organic solvent. Compared to ester-
based solvents, ether-based solvents have lower polarity,
generally, which implies the lower freezing points.73! There-
fore, the ether-based solvents are preferentially chosen to re-
duce the solvation/desolvation energy.5874751 The relevant
mechanism has been fully demonstrated in the development
of LT electrolytes for LIBs.76 Thus, ether-based electrolytes
have advantages at LT in theory. For example, Wang et al.”!
formulated a weakly solvating electrolyte comprising
linear/cyclic ethers (diethylene glycol dimethyl ether (DEG-
DME)/1,3-dioxolane (DOL)) with the freezing point below
—150 °C (Figure 3a and 3b). Meanwhile, Figure 3¢ showed that
0.5 M NaOTf-DEGDME/DOL (2:8) presented the slowest de-
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Table 2. The comparison of LT performance of ester-based electrolytes for SIBs.

. . . . . Capacity
Freezing Point Lowest Operation Specific Capacity :
Electrolytes o Cathode||Anode o ) Retention/ Ref.
(°Q) Temperature (°C) (mAhg™) Number of Cycles
0.3 M NaClO,—EC/PC (1:1 vol) 5%FEC - Na;V,(PO,),F;|[Na -25 109.70.2C 94.1%/500 1 C €3l
0.3 M NaClO,~EC/PC (1:1 vol) 5%FEC - Na3V,(PO,),F5||[HC -25 - 91%/50 0.2 C 1631
1 M NaPF4—EC/DEC/PC (1:2:1 vol)
with 5 vol% FEC and 3vol% <—40 Nag_7¢Nig sFeg 4Mng 30,||HC -20 76.45% of RT 0.2 C - o4l
adiponitrile (ADN)
0.8 M NaPFg in FEC/EMC/HFE(TTE) _ ~ o0/ _ane —20°C 88.7%/ 166]
(3:3:4 vol) NasV,(PO,),0,F||Na-SF 20/-30 30°C92.10.2C 600 0.5 C
1 MNaPFg-PC/EMC (1:1 vol with <40 NaNiy 5Fe, sMn,0,|HC 40 52.16% of RT - tay
1 M NaTFSI/FEC-FEMC-FB (3:3:4 vol) -50.5 NasV,(PO,);||Na -20 73.505C —/5000.5 C (62
0.58 M NaBOB-NMP/TMP(1:1 vol) <-90 - - - - (69l
™ NaPF%ISD\C/{)EQ(\}g vol) with <40 C(M0,0)||C(Mo,0) _40 _ _ 170l
a b TE <
= JEi 10k
B E P
= g=bes
0. [¢] = D p E0~0,
Low-temperature bl =z D\b\k\\\o
°Na o/ electrolyte ) z £ 1 %p\b
Acyclic Cyclic o > \ o
ether ether = _8 \
« 02 _04 06 08 ¢ s s} -4-1MNaOTf-DEGDME a
()
M ¢ g T 8 0.1¢F ~b=0.5 M NaOTf-DEGDME/DOL (5:5)
¢ Y - o | ~°-05 M NaOTf-DEGDME/DOL (2:8)
< (o)
~ 32 36 40 44 48 52
1 000/T (K)
d 100 Elements e f g
100 o >
()] @]
_ 80 = | = O & . 20 c
‘g § 60 -5 ; —40°C 60 8
) c = = o
; 40 § 40 S8 s0 —s0°Cc 140 2
20 20} a8 20 2
0 0 0 0 S
0 200 400 600 800 0 200 400 600 800 0 20 40 60 80 100
Etching time (s) Etching time (s) Cycle number
5° h ‘mn PN Vo o 400 5°C
é 7 A - ) ’»\‘ Diffusion of < 3501 =20°Q
Bulk \ ‘ { solvated Na e 0.05
g::7 v electrolyte \ o [P \.’ * i inbulk £ 300, 0.1
c < % o 4 \ ® ! electrolyte 2 250 -'::’l". 020 51.0 0.1
o2 < « . N S e, 2; A
= £ ® 200 - 50
55 4 ot O
£V s 150 cees
©
5 g 100 |
S ‘g S0runitAg
Q_ o 1 1 1 1
0.0 1.0 20 3.0 v 0 10 20 30 40

Coordination number

\ Thin and highly homogeneous

Cycle number

Fig. 3 a Schematic diagram of LT weakly solvating electrolyte comprising NaOTf and DEGDME/DOL mixed solvent. b Heat flow of different
electrolytes from 0 °C to —150 °C. ¢ Temperature-dependent ionic conductivity of different electrolytes. Contents of d elements and e inorgan-
ic components in the SEI at —80 °C. f Cycling performance of Na;V,(PO,); || Na cells at 22 mA g~ at virous temperatures.”"! Copyright 2022,
Springer Nature. g Coordination numbers of 1 M NaPFg in THF, DME, EC/DEC and PC. h Schematic diagram of ion transport in THF electrolyte
and SEI. i Rate performance of HC || Na cells at —5 °C and —20 °C.V? Copyright 2022, Wiley-VCH.

crease in the ionic conductivity with temperature. It is worth
knowing that the above electrolyte exhibited a unique weakly
solvation structure. On the one side, the Na* solvation ability
of DOL is lower than that of DEGDME. Thus, the electrolyte
with high DOL proportion must exhibit a weak solvating
structure in the form of weak Na*-DOL coordination!’”}, which
is beneficial to reduce the desolvation energy at LT, effect-
ively. On the other side, weak solvation enhances the cation-

230003 (Page 5 of 14)

anion interaction in the Na* solvation structure, which pro-
motes the OTf~ reduction on the SMA surface, leading to the
formation of a robust NaF-rich SEI with strong mechanical
strength and high ion diffusion rate (Figure 3d and 3e). There-
fore, the NasV,(PO,); || Na half-cell using the above electro-
lyte exhibited a specific capacity of about 40 mAh g='at 0.2 C
at —60 °C, and achieved a high CE (99.5%) and capacity reten-
tion (91%) after 100 cycles (Figure 3f). In addition, other ether-

Energy Lab 2023, 1, 230003
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based solvents were also used to design weakly solvating
electrolytes to achieve excellent LT performance. Mixed
solvents containing tetrahydrofuran (THF) have also been
proved to have significant gains for the construction of
weakly-solvated structures. For instance, Zhou et al.l’8] de-
signed the Na*-based weakly solvating electrolyte using THF,
THF/1,2-dimethoxyethane (DME) (3:1 by vol), which signific-
antly mitigates the kinetic barrier for Na* desolvation at LT.
Furthermore, an anion-derived NaF-rich SEI film generated on
the SMA suppresses the dendrite growth and guarantees
stable cycling of SMBs down to —60 °C. The NaTi,(PO,); || Na
half-cell with 0.8 M NaOTf in the THF;/DME; (3:1 by vol) as
electrolyte delivered an initial capacity of 88.8 mAh g~ at 1C
at —20 °C (93.57% RT capacity retention). In addition, Tang et
al.72 had proved that ether-based weakly solvating electro-
lyte could also hugely improve the LT performance of HC an-
ode for SIBs. As shown in Figure 3g, compared with the com-
mon ester-based solvents (PC, EC/DEC) or liner ether-based
solvents (DME), the Na* had higher coordination number for
THF solvent, which implied lower solvation energy. Thus, the
coordinated Na* could desolvated on the electrode surface
rapidly. At -20 °C, the HC || Na half-cell with 1.0 M NaPFg in
THF as electrolyte exhibited a high capacity of 269 mAh g~' at
20 mA g~ (Figure 3i) and a capacity retention of up to 95%
with a specific capacity of 181 mAh g~' over 1000 cycles at 2A
g~'. At present, a series of ether-based weakly solvating elec-

trolytes for SIBs have been developed and exhibit excellent LT
performance, including 0.5 M NaPF4 in DEGDME9 and 0.3 M
NaPFg in DEGDME/THF®BY as shown in Table 3. The key to
designing weakly solvating electrolytes lies in constructing
weakly solvating structures that reduce the interaction
between cations and solvents. Thus, the cationic desolvation
energy at the interface is lowered, leading to accelerated in-
terfacial dynamics. Additionally, by allowing more anions to
coordinate with the cations, anions can preferentially under-
go reduction at the interface, generating an inorganic-rich SEI
and speeding up the diffusion of cations at the interphase.
When selecting solvents for weakly solvating electrolytes, it is
crucial to find a balance between "solvation energy" and "sol-
ubility". In other words, it requires reducing the interaction
between the solvent and charge carriers while ensuring de-
cent carrier concentration. The selection of solvents can be
based on reference values of the donor number and dielec-
tric constant. According to the latest research from Wang et
al.lb9, solvents with a relatively low donor number (less than
10) and high dielectric constant (greater than 5) can be used
for weakly solvating electrolytes. In addition, the type of func-
tional groups in the solvent should also be taken into consid-
eration. For instance, fluorinated solvent can facilitate the
formation of inorganic-rich SEl, which can enhance the LT
performance of batteries.

Table 3. The comparison of LT performance of ether-based electrolytes for SIBs.

Freezing Lowest Operation Specific Capacity Capacity Retention/
Electrolytes Point (°C) Cathode||Anode Temperature (°C) (mAh g™ Number of Cycles Ref.
0.8M NaO;'ingrl())/.ra 2/| NaBF, in <—60 NaV,(PO,);||Na _40 - -/800.2C 4
0.5 M NaOTf-DEGDME/DOL (2:8) <-150 Na;V,(PO,);||Na -60 4002C 91%/1000.2 C 71
0.8 M NaOTf-THF5/DME; (3:1 vol) - NaTi,(PO,)s||Na -20 88.81C 96.28%/1000 1C 78]
1 M NaPFg in THF - HC||Na -20 1812Ag™" 95%/10002 A g™ 72)
0.5 M NaPFg in diglyme - NaV,(PO,),F||Na -20/-60 -60°C 79.20.2C —20°C 95.58%/1000 10C 79
0.3 M NaPFg in diglyme/THF <—40 Na3V,(PO,)3|[Na -20 800.5C —/2500.5C (801
1 M NaPF, dissolved in diglyme 712 Na4Fe3(Eﬁ§?2PZO7@ —40/-60 ~60°C25720mAg™"  100%/40200mAg~" 127
0.5 M NaPFy in diglyme <—70  PTPAn|fartificial 70 610.01Ag"" - (26

graphite

Overall, ether-based solvents commonly have lower freez-
ing points, which allows the electrolyte to remain in a liquid
state and high ionic conductivity at lower temperatures.
Moreover, ether-based electrolytes are relatively stable for
SMA. However, they are prone to be oxidized decomposition,
and their limited high-voltage stability restricts their wider
application.

lonic Liquid Electrolytes

As mentioned above, the nature of solvents is the main
reason that affects the LT performances of the electrolytes of
SIBs. Therefore, whether solvent-free ionic liquid electrolyte
can become a potential candidate for LT electrolyte of SIB is a
direction worth exploring. As we know, it is unrealistic for
common sodium salts to be used directly as ionic liquids, be-
cause their melting point is usually much higher than RT.
Therefore, the main design idea of solvent-free LT ionic liquid
electrolyte is that dissociate sodium salt by selecting ionic li-
quid with freezing point far below room temperature as
"solvent". Huang et al®'l demonstrated that the 1.0 M

Energy Lab 2023, 1, 230003

Na[FSAJ-[C5C, pyrr]l[FSAI(C3C, pyrrt=N-methyl-N-propylpyrro-
lidinyl) electrolyte could be used as LT electrolyte for SIBs.
Thanks to the slow increase of charge-transfer resistance in
above electrolyte as the temperature decreases (Figure 4a
and 4b), the Na;3V,(PO,),F;@C cathode with above electrolyte
had a favorable electrochemical performance within a wide
temperature range, which achieved the reversible capacities
of 102.4 mAh g=' and 51.3 mAh g~' at 0 °C and —-20 °C, re-
spectively (Figure 4c). In addition, the LT electrochemical
properties of NaNTf,-C,mpyrNTf,(1-butyl-1-methylpyrrolidini-
um bis (trifluoromethylsulfonyl) amide) and NaFSI-P;;i4FSI
(trimethyl iso-butyl phosphonium bis (fluorosulfonyl)imide)
have also been studied!®3.841,

Moreover, the main advantage of ionic liquids in LT applic-
ations compared to traditional organic solvents is that their
cation-anion structures can be reasonably designed to meet
different requirements, thus achieving specific physicochem-
ical properties!8586], as shown in Table 4. For example, K. Mat-
sumoto et al.l7] firstly used the ionic liquid to achieve good

230003 (Page 6 of 14)
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a Nyquist plots and b resistances obtained from EIS fitted plots for NasV,(PO,),F;@C symmetric cells. ¢ Rate performance of

Na;V,(PO,),F;@C || Na cells from —20 °C to 60 °C.[8" Copyright 2020, Wiley-VCH. d lonic conductivity of different electrolytes changes from —20
°C to 25 °C. e Temperature-dependent galvanostatic cycling of Na || Na symmetric cells with a cycling capacity of 1 mAh cm=2 at 0.5 mA cm™2 f
Rate performance of Na3V,(PO,); || Na cells with different electrolytes at 25 °C and —20 °C.1% Copyright 2020, Wiley-VCH.

Table 4. The comparison of LT performance of ionic liquid electrolytes for SIBs.

Freezing

Lowest Operation

Specific Capacity Capacity Retention/

Electrolytes Point (°C) Cathodef|Anode Temperature (°C) (mAh g™ Number of Cycles Ref.
1 M NalFSAJ-CsC, pyrrl[FSA] NasV3(PO4;Fs@CIN 0 10240.1C /5001 C 81
0.1 M NaNsz—C4mperTf2 with T _85 _ _ _ _ 83]
5 wt% SiO, 9
2.3 MNaFSlin Py17,4FSI 71 . - . - (84
1 MNaPFg 'gigﬁ;f;]g“] [BF,] and <—40 NasV,(PO,);||Na 20 112.905C 95.3%/500 3 C ts21
) . . Nal|Cu (first _ _ -2 87)
Na[FSA]-[C,C,im][FSA] (3:7 mol) attempt) 0 /18 0.06 mAh cm
SMA compatibility. Specifically, the Na deposition/dissolution attention in recent years.88-90 However, conventional

in the Na[FSAJ-[C,C,im][FSA] (C,C im*=1-ethyl-3-methylim-
idazolium) ionic liquid electrolyte exhibited a reversible capa-
city of 0.06 mAh cm=2 at 1 mA cm~2 at 0 °C. Although there is
no effect of solvent, the high viscosity of ionic liquid at LT also
limits its application. To this end, Hu et al.[82 presented an op-
timized ether-ionic liquid composite electrolyte, which main-
tained a high ionic conductivity at —20 °C (Figure 4d) and had
good compatibility with SMA even at —40 °C (Figure 4e). The
NasV,(PO,); cathode with 1.0 M NaPF¢ in [C,C,im][BF,]/diglyme
electrolyte could deliver a reversible capacity of 112.9 mAh
g~'at —20 °C (Figure 4f).

In sum, the properties of ionic liquid electrolytes depend
on the type of cation and anion present. However, the low
ionic conductivity, toxicity and high cost of ionic liquids limit
their widespread application.

Aqueous Electrolytes

Fundamental of LT Aqueous Electrolyte

Compared to organic electrolytes, aqueous electrolytes
have the merits of high safety, ionic conductivity, environ-
mental concerns, and low cost, thus attracting tremendous

230003 (Page 7 of 14)

aqueous electrolytes also have the problems of narrow elec-
trochemical stability windows (ESW) and inherent high freez-
ing points, which severely restricts the application of aqueous
electrolytes under subzero temperatures.l32911 When liquid
water transforms into ice, it forms long-range order struc-
tures due to the enhancement of hydrogen bonds (HBs)
between water molecules.®2-94 As for the aqueous electro-
lytes of SIBs, their charge-carrier ions and main-solvents are
fixed. Therefore, the core of LT aqueous electrolyte design is
to prevent the freezing of water to ice.®! In the case of
aqueous electrolytes, in 2019, the high-concentration electro-
lytes were started to be utilized to improve the LT perform-
ances of SIBs due to their low freezing points.°6971 However,
at lower temperatures, high-concentration electrolytes will in-
evitably result in the precipitation of sodium salts, leading to
the increase of viscosity and reduction of ionic conductivity.
In the same year, the new strategy emerged that construct-
ing mixed solvents of organic and aqueous solutions.[98-100]
Some latest studies have also combined above two strategies
to optimize the LT-performances for SIBs. All these strategies
essentially aim to reduce the freezing point of aqueous elec-
trolytes by destroying the original HB network among water

Energy Lab 2023, 1, 230003
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molecules. However, there are substantial difference between
them, which will be described in detail in the next section.

Advances in developing in LT Aqueous Electrolyte

High-concentration Electrolytes

In fact, the freezing point of the aqueous electrolyte de-

pends on its concentration. When sodium salt dissolves in wa-
ter to form electrolyte, the freezing point of electrolyte is far
lower than that of pure water. For example, even for the con-
ventional-concentration aqueous electrolyte of 2 M NaClQ,, it

has good LT performance.l'" Although the full cell (Ni(OH), ||

NaTi,(PO,);@C) with 2 M NaClO, aqueous electrolyte exhib-
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Fig. 5

Temperature (°C)

a Fitting map of the Nyquist plots and equivalent circuit for Ni(OH), || NaTi,(PO,);@C cells at different temperatures. b Cycle test of

Ni(OH), || NaTi,(PO,);@C cells at different temperatures at 10 C.l'*"! Copyright 2019, American Chemical Society. ¢ 17 M NaClO, electrolyte con-
ducted by MD simulations. d ESW of 17 M NaClO,, 8.4 M NaTFSI and 1.3 M Na,SO, electrolyte. e Cycle test of NasV,(PO,); symmetric cells at dif-
ferent temperatures at 0.3 mA cm~2'%2 Copyright 2021, Elsevier. f Optical photograph of 3.86 m CaCl,+1 m NaClO, electrolyte at —50 °C. g The
component proportions of water with different hydrogen bond for various electrolytes. h 'TH NMR results for different electrolytes. i lonic con-
ductivity of 3.86 m CaCl,+1 m NaClO, electrolyte changes from —50 °C to 0 °C. j Charge/discharge curves of Na,CoFe(CN)g || active carbon cells

at —30 °C and 25 °C.['%3! Copyright 2022, Wiley-VCH.
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ited an increase of resistance with the temperature decrease
(Figure 5a), it still exhibited a high RT capacity retention (Fig-
ure 5b) and a high capacity retention of 85% at —20 °C after
10000 cycles at 10 C. This is because the dissolution of sodi-
um salt in water is actually a formation process of strong in-
teraction between Na* and water molecules, which can des-
troy the HB network between water molecules and inhibit ice
formation. However, the ESW of dilute electrolyte is too nar-
row to match high-voltage electrode materials. And its lim-
ited LT operating range still cannot meet the actual demand.
To this end, Wang et al.l"92 had further researched the LT per-
formance of 17 M NaClO, aqueous electrolyte. As shown in
Figure 5¢, molecular dynamics (MD) simulations revealed the
structure of above high-concentration electrolyte had strong
ion-water interactions, theoretically. This led a relatively wide
ESW, which matched well with Na3V,(PO,); electrode (Figure
5d). Synergistic with the excellent LT properties of above elec-
trolyte, the NasV,(PO,); || NasV,(PO,); symmetric cell with 17
M NaClO, as electrolyte displayed a capacity of 16 mAh cm-3
at 10 C under —40 °C and 88% RT capacity retention (Figure
5e). Similarly, it had also been proved that the high-concen-
tration 10 M NaClO4—0.17 M Zn(CH3COO), electrolyte could
achieve both wide ESW (about 2.5 V) and low freezing point,
because the ion-water interactions effectively reduce the
activity of water and paly a “structure-breaking” effect on the
HB network of water.l'% Moreover , after introducing the SEI
film-forming additive of Vinylene carbonate (VC), the
NasV,(PO4)s || Zn hybrid battery exhibited a specific dis-
charge capacity of 90 mAh g=' at 0.2 A g~! under —20 °C. In-
terestingly, Reber et al.l'%3! found that utilizing asymmetric
anions in high-concentration electrolytes could also suppress
their crystallization. However, how the anions asymmetry in-
fluences the HB network and electrolyte’s structure was not
clearly elucidated in this study. Inspired by the research of LT
aqueous zinc batteries, the influence of different anions on
the tetrahedral entropy of water molecules in an electrolyte

Table 5. The comparison of LT performance of aqueous electrolytes for SIBs.

varies, thereby affecting the freezing point of the
electrolyte.['9 Compared to other anions, ClO,~ causes a
higher tetrahedral entropy of water molecules, making it diffi-
cult to form a continuous hydrogen bonding network. This, in
turn, lead to a decrease in the electrolyte's freezing point.

Nevertheless, due to the high salt concentration, the LT
electrochemical performance of high-concentration electro-
lytes is still hindered by the increased viscosity and reduced
ionic conductivity. Therefore, Zhu and coworkers!%3! firstly in-
troduced an inert inorganic anti-freezing additive of CaCl, in-
to 1 m NaClO, electrolyte for LT-SIBs (Figure 5f). The CaCl, de-
creased strong hydrogen bonding water content in the
aqueous electrolyte significantly and destroyed the pristine
HB network, resulting in reducing the freezing point of elec-
trolyte (Figure 5g and 5h). Consequently, at —50 °C, the op-
timized electrolyte still exhibits high ionic conductivity of 7.13
mS cm~! (Figure 5i). Then, the Na,CoFe(CN)¢ || active carbon
full cell using 3.86 m CaCl,+1 m NaClO, aqueous electrolyte
displayed a discharge specific capacity of 74.5 mAhgat1C
at -30 °C (Figure 5j). In addition, as shown in Table 5, sodium
dodecyl sulfatel’%7] has also been proved to essentially dam-
age the pristine HB network of water through ion-water inter-
action, thus resulting in the expanded ESW and reduced
freezing point.

Hybrid Electrolytes

Different with that the high-concentration electrolyte re-
duce the freezing point through the ion-water interaction,
the cosolvents-water hybrid electrolytes destroy the original
HB network by constructing the inter-molecular HB between
the cosolvents and water. Havemeyer!'19 firstly found that
the freezing point of dimethyl sulfoxide (DMSO)-water mixed
solvent could be as low as~—140 °C, when DMSO with the
molar fraction of 0.3 was added. Then, Nian et al.['%8! further
constructed a hybrid electrolyte of 2 M NaClO, solution based
on the above DMSO-water mixture and demonstrated that

. Lowest o - Capacity
Electrolytes Ifg?r?tz '(?g) Cathode||Anode operation Spec(:?]%%jlp)a city Retention/ Ref.
temperature (°C) 9 Number of Cycles
2 M NaClo, - Ni(OH),||NaTi,(PO,);@C -20 - 85%/1000010C 1101
) B NasV,(PO,)s| e —40°C16 mAh  —15°C91%/ [0z
17 M NaCl0, 510,(0.5 g/6 mL) 50 Na3V;(PO,)3 15/-40 cm=30.3 mAcm™2 6000.3 mA cm~2

10 M NaCl0,—0.17 M Zn(CH;C0O0),-2 —20°C9002A  —-10°C92%/  [ioa

High- o VC <-30 Na;V,(PO,)s][Zn -10/-20 e 40002 A G

concentration Na;(VOPQO,),F

Electrolytes 25 m NaFS! + 10 m NaFTFSI <-40 ,\faTiz(Pd‘4)23 I -10 650.2C 74%/50002C 1%
3.86 m CaCl,+1 m NaClO, solution  <—50 NaZC°Fe(CbN)6”aC“"e 30 7451C 86.7%/10001C 1103
05M Lizso4—?].15MMSggzso4 With756  _ NaTi,(PO,);||LiMn,O, -15 - 71.3%/10001C 107
2 M NaClQ, solution with DMSO \ [108]

(430% mole) <-130 carbon||NaTi,(PO,);@C -50 680.5C —/1000.5C
™ Nazsogﬁ}?g(;an_ll)\/IA—SiOzﬁ 5 _ carbon|[NaTi,(PO,):@C _30 61.80.13A g™ _ 1611
1 mNaNO; glycerol-water (2:1wt)  <-80  Ni2ZnHCF||PTCDI -10 40100mAg™" —/300100 mAg™" 1

Hybrid 2 M NaNO,/66.7 wt% sucrose (or 60.0

[112]

Electrolytes  wt% maltose/66.7 wt% D-fructose) <=50 - - -
1 M sodium acetate in ethanol/water _ ) -1 [113]
(51 vol) Nag 44MNn0O,||Zn 0 94%/50 50 MA g
2 m NaTFSI/PEGMA-BEMA+FEC with Na,/;3Mn,,3C0,/30, ogF
10Wt% H,0 <25 2/3MN/3L04/307 98F 00 _25 3202Ag" B (1141
17 m NaClO,—H,0/FA (3:7 vol) <=50 active carbon||PNTCDA -50 78.581C 100%/8000 4 C 1%
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strong HBs between S=0 of DMSO and O-H of water were
stably formed in above hybrid electrolyte, which could des-
troy the HB network within water molecules, resulting in the
decrease of the freezing point (Figure 6a and 6b). The temper-
ature-dependent ionic conductivity of 2 M solutions of
NaClO, in pure water, DMSO-water mixture, and pure DMSO
was shown in Figure 6¢, the hybrid electrolyte exhibited the
highest ionic conductivity of 0.11 mS cm~" at =50 °C. Mean-

while, it did have a low freezing point of —130 °C (Figure 6d).
The active carbon || NaTi,(PO,);@C full cell using above elec-
trolyte exhibited a capacity of 68 mAh g-! at 0.5 C at —=50 °C
(Figure 6e). Subsequently, Cheng et al.l6" selected methyl al-
cohol (MA) as the anti-freezing cosolvent of the electrolyte for
LT-SIBs. The specific capacity of active carbon ||
NaTi,(PO,);@C full batteries using the1.0 M Na,SO, in water-
MA (2:1 by vol) hydrogel electrolyte could reach 61.8 mAh g~!
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Fig. 6 a Conformation analysis of DMSO-water mixture conducted by MD simulations. b Raman spectra of DMSO-water mixtures with differ-
ent molar fractions of DMSO. ¢ Temperature-dependent ionic conductivity of different electrolytes. d Heat flow of hybrid electrolyte. e Rate
performance of active carbon || NaTi,(PO,);@C cell at 0.5 C at —50 °C."%] Copyright 2019, Wiley-VCH. f Intermolecular interaction among H,0-
FA clusters conducted by DFT calculations. g Comparison of the physicochemical properties for different organic cosolvents. h 'TH NMR results
and i heat flow of FA/water mixtures with different volume ratio of FA. j lonic conductivity of hybrid electrolyte changes from —50 °C to 25 °C. k
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at 1 C under —30 °C, meaning 65.05% of that at 25 °C. Similar
hydroxyl-containing compounds, as shown in Table 5, such as
glycerol"", hydroxyl-rich sugars (maltose, sucrose, and D-
fructose with rich hydroxyl groups)!''2 and ethanol(''3], were
also used in LT electrolytes for SIBs. Within a temperature
range of —50 °C to 80 °C, 2 M NaNOj electrolytes with 66.7
wt% sucrose/D-fructose or 60 wt% maltose exhibited almost
none heat fluctuations in heat flow value, which confirms the
effect of hydroxyl-containing compounds in reducing the
freezing point of electrolytes. Moreover, the ESWs and ionic
conductivities of above electrolytes (2 M NaNO;/60.0 wt%
maltose: ~ 2.392 V, 8.536 mS cm~'; 2 M NaNO5/66.7 wt% D-
fructose: ~ 2.600 V, 3.812 mS cm~'; 2 M NaNO;/66.7 wt%
sucrose: ~ 2.812'V, 3.376 mS cm~) are all higher than that of
the 2 M NaNOj; electrolyte (1.652 V). Besides, hydroxyl-con-
taining polymers are also used in the development of LT elec-
trolytes for SIBs. For example, Rong et al.l'’4 have demon-
strated that the Na,;3Mn,/3C0,,30 6gFg0, || HC full cell exhib-
ited an initial discharge capacity of 32 mAh g~ at 0.2 A g’
under —25 °C by using a hybrid electrolyte contains 10% wa-
ter, 2 M NaTFSI and polymer matrix consists of poly(ethylene
glycol) methyl ether methacrylate (PEGMA) and bisphenol A
ethoxylate dimethacrylate (BEMA).

Recently, 177 m NaClO, LT aqueous electrolyte was de-
veloped by introducing a strong polar solvent formamide
(FA)'99 which is a complex design strategy combining ion-
water interaction with cosolvent-water interaction (Figure 6f).
Compared to other commonly used organic cosolvents, FA
has more excellent physicochemical properties as shown in
Figure 69, resulting in being chosen as the solvent of electro-
lyte for LT-SIBs. In addition, FA molecule possesses both the
H-bond acceptor carbonyl groups and donor amino groups,
and has more coordination sites than water, so it can form
inter-molecular HBs with water more effectively. According to
the MD calculations, when the volume ratio of water and FA
was 3:7, the stable water-FA clusters could spontaneously
form accompanied by the reconstruction of HB network (Fig-
ure 6f and 6h). As a result, the above mixed solvent exhibited
lowest freezing point among all the solutions and the hybrid
electrolyte based on above mixture maintained sufficient ion-
ic conductivity at LT (Figure 6i and 6j). Consequently, as
shown in Figure 6k, the active carbon || PNTCDA full cell fab-
ricated with optimized (NaClO,); ;-(H,0)ss-(FA)s g, electrolyte
could still deliver a high specific capacity of 51.07 mAh g-' at
8 Cat-50°C (58.5% of the capacity of 1 C).

All in all, aqueous electrolytes are remarkably cost-effect-
ive, environmentally friendly, and offer higher safety stand-
ards. Nonetheless, aqueous electrolytes commonly exhibit
high reactivity, especially at low potentials, where hydrogen
evolution reactions are prone to occur, resulting in a narrow
ESW.

Summary and Outlook

In summary, the design of electrolyte is effective for im-
proving the LT performance of SIBs, which is expected to play
a key role in further promoting the practicality of SIBs in the
future. This review clearly points out the main reasons limited
the LT performance of SIBs is that the low ionic conductivity
and high desolvation energy of organic electrolytes, and
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looks forward to the design direction of ideal LT organic elec-
trolyte in theory. The advances of LT organic electrolyte of
SIBs are systematically introduced from ester, ether and ionic
liquid-based electrolytes, involving various strategies includ-
ing multiple mixing, EC-free, weakling solvated and solvent-
free. Then, by analyzing the mechanism of water freezing, this
review proposed that destroying and reconstruction of hy-
drogen bond network among water at LT is the main design
idea for inhibiting the freezing of aqueous electrolyte and al-
leviating the LT failure of aqueous SIBs. From the two internal
mechanisms of ion-water and cosolvent-water interactions,
the research progress of two typical LT aqueous electrolytes,
such as high-concentration and hybrid electrolytes, are sum-
marized, comprehensively. Different types of electrolytes
have their unique advantages, and they need to be matched
with appropriate electrode materials to better exploit their
performance. Further optimization of the shortcomings of
above electrolytes is the key to improving LT performance of
SIBs. It is foreseeable that ether-based electrolytes after solv-
ing the problem of high-voltage oxidation stability and the
aqueous electrolytes with wider ESWs are the most prom-
ising choices for LT-SIBs. Although certain development
achievements have been made, the design of the electrolyte
for LT-SIBs still focuses more on the regulation of the electro-
lyte formula, while the mechanism research and other as-
pects lack sufficient research depth. Here, some perspectives
and prospects for future research on LT-SIBs are presented.

1). The variation of interactions between the components
in the electrolyte with the temperature fluctuation is note-
worthy. lon-ion, ion-solvent, and solvent-solvent interactions
are the key factors determining the properties of electrolytes.
Both the construction of weakly solvating electrolytes and the
destruction of HB network in aqueous electrolytes depend on
the regulation of the interaction strength of each component
in the electrolyte. Therefore, the characterization and study of
these interactions may deepen our fundamental understand-
ing of the electrolytes for LT-SIBs.

2). lon transport in the bulk electrolyte and the
electrode/electrolyte interface is the main factor determining
the performance of LT-SIBs. At LT, the ionic conductivity of
the electrolyte decreases, and the ion desolvation process be-
comes the rate-controlling step of ion transport, which seri-
ously affects the rate of SIBs. Through the combination of the-
oretical calculations and experiments, an in-depth under-
standing of the ion transport mechanism can be beneficial to
guide the design of electrolytes for LT-SIBs.

3). High-entropy electrolytes are emerging as a promising
direction for the development of LT electrolytes in SIBs.['13!
The design concept of high-entropy electrolytes is to select
multiple solvents or salts with complementary properties to
optimize the comprehensive performance of the
electrolyte.l'®! The application of high-entropy strategy in
SIBs also needs to consider the strength of interactions
between Nat*-solvents and Na*-anions, to achieve a diverse
and balanced solvation structure. In addition, combining ap-
propriate components can enhance the thermodynamic sta-
bility and entropy of the electrolyte, thereby ensuring the ion
transport properties of the electrolyte and reducing its freez-
ing point.

4). The collaborative design of electrolytes and electrode

Energy Lab 2023, 1, 230003
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materials will further improve the performance of LT-SIBs. The
behavior of the solvated Na* at the interface is closely related
to the electrode material. Dual-ion batteries with eliminating
the desolvation process and alloying reactions such as Na-
Bi/Na-Sn jointly demonstrate the effectiveness of the co-
design of electrolytes and electrode materials. Meanwhile,
compared with artificial SEI films, it is a more effective and
economical strategy to in situ construct SEI/CEl films by se-
lecting appropriate electrolytes and electrode materials.

5). Advanced in situ characterization techniques and theor-
etical calculations are conducive to clearly revealing the reac-
tion mechanism inside LT-SIBs. In situ characterization tech-
niques are necessary to unveil the transport mechanism of
charge-carrier ions, ion desolvation process, interfacial reac-
tion and other processes. In addition, machine learning and
theoretical calculations such as MD and density functional
theory (DFT) can effectively predict the physicochemical
properties of electrolytes and the compatibility of electro-
lytes and electrode materials.
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