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H I G H L I G H T S  

• Discussion on failure of LIBs’ components at low temperatures is provided. 
• Practical solutions to overcome the main low-temperature limitations are discussed. 
• Main research flaws of LIBs for ultra-low temperatures are pointed out for tackling. 

A B S T R A C T   

Modern technologies used in the sea, the poles, or aerospace require reliable batteries with outstanding performance at temperatures below zero degrees. However, 
commercially available lithium-ion batteries (LIBs) show significant performance degradation under low-temperature (LT) conditions. Broadening the application 
area of LIBs requires an improvement of their LT characteristics. This review examines current challenges for each of the components of LIBs (anode, cathode, and 
electrolyte) in an LT environment. In addition, it discusses the possible modification methods and practical solutions for better LT performance of the battery. Finally, 
several research flaws are pointed out for LT LIBs that deserve greater attention, and tackling them might result in LIBs being operable at ultra-low temperatures.   

1. Introduction 

Energy storage devices play an essential role in developing renew
able energy sources and electric vehicles as solutions for fossil fuel 
combustion-caused environmental issues. Owing to their several ad
vantages, such as light weight, high specific capacity, good charge 
retention, long-life cycling, and low toxicity, lithium-ion batteries (LIBs) 
have been the energy storage devices of choice for various applications, 
including portable electronics like mobile phones, laptops, and cameras 
[1]. Due to the rapid advancements in modern technologies and the 
possible application in the sea, aerospace, and military, there is a need 
for a cost-efficient and reliable energy storage system with excellent 
performance under harsh conditions, including the extreme temperature 
environment. LIBs can store energy and operate well in the standard 

temperature range of 20–60 ◦C, but performance significantly degrades 
when the temperature drops below zero [2,3]. The most frost-resistant 
batteries operate at temperatures as low as − 40 ◦C, but their capacity 
decreases to about 12% [4]. Furthermore, the aging rate of LIBs accel
erates during cycling at low temperatures, thus limiting the long-term 
use of the battery in cold regions [5]. 

The primary cause of the low-temperature (LT) degradation has been 
associated with the change in physical properties of liquid electrolyte 
and its low freezing point, restricting the movement of Li+ between 
electrodes and slowing down the kinetics of the electrochemical re
actions [5]. On the other hand, recent studies showed that improving the 
properties of only electrolytes is insufficient, as changes in properties of 
electrode materials, including but not limited to the decreased con
ductivities of electrons and Li+ because of excessive passivation film 
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(cathode-electrolyte interphase (CEI) and anode solid electrolyte inter
phase (SEI)) formation, also significantly contribute to the LT degrada
tion of LiBs [2,3]. 

Two main approaches have been proposed to overcome the LT lim
itations of LIBs: coupling the battery with a heating element to avoid 
exposure of its active components to the low temperature and modifying 
the inner battery components. Heating the battery externally causes a 
temperature gradient in the direction of its thickness. Even though the 
temperature uniformity could be improved by an intermittent heating 
method, it still requires additional energy, heating devices, and thermal 
management systems, increasing the mass and volume of the battery 
system and lowering the energy efficiency [6]. Additionally, modifica
tion of components inside the battery does not compromise the gravi
metric and volumetric capacities of the battery to the extent that 
additional heating devices do. 

In previous review papers, authors discussed the problems and 
modifications of electrolyte and electrode materials in general, 
providing an outlook on the potential LT behavior of most modified 
battery components with improved room-temperature properties 
[7–10]. On the other hand, experimental data has been collected on the 
fundamental LT properties of all battery components with different 
chemistries since then and reviewed from different numerous pos
pectives in recent years. Gupta and Manthiram provided a perspective 
on the LT potential of various advanced chemistries, including 
lithium-metal, lithium-sulfur, and dual-ion batteries [11]. Other recent 
reviews explored methods and mechanisms for improving the LT prop
erties of LIBs, emphasizing the electrolyte, cathode materials, anode 
materials, or lithium metal alone [1,12–18]. For example, Wang et al. 
discussed various high-energy cathode materials including polyanionic 
compounds, layered oxides, spinel oxides, Prussian blue and analogs for 
LT metal-ion batteries [19]. Hou et al. summarized the fundamentals 
and challenges of LIBs in a wide range of operating temperatures, 
highlighting the CEI and SEI problems at low temperatures [20]. Piao 
et al. focused more on heating techniques and thermal management to 
control the external reaction temperature [21]. The most recent reviews 
dissected the Li+ transport/diffusion in electrolyte, solid electrode and 
their interphase, temperature-dependent limitating factors and chal
lenges of lithium batteries, and offered their strategies to make an 
improvement [22–27]. 

This review provides a comprehensive discussion of the failure 
mechanisms during the LT operations of all main LIB components 
(anode, cathode, and electrolyte) and practical solutions to overcome 
the main LT limitations. Various modern improvement approaches to 
anode materials are outlined from the LT performance perspective, 
including modifying commercial anode materials and applying novel 
ones with enhanced LT capability. Next, different cathode materials and 
enhancement methods are reviewed, highlighting the promising solu
tions for mainstream cathodes. Finally, special attention is paid to the 
approaches used in modifying electrolytes to improve the LT operation 
of LIBs. Being one of the biggest review papers in the topic, it covers 
most of the published papers over several decades summarizing them 
into tables with full information about studied battery configurations 
and obtained LT performances. It is designed to serve as a guide of 
available works on the LT LIBs which allows the reader to find new 
unresearched directions. 

2. Essential problems affecting the LIB performance at low 
temperatures 

Low ambient temperature causes a significant cell resistance and 
polarization, leading to a lower state of charge (SOC, defined in %, 
where 100% means the maximum number of Li+ that can be fully 
reversibly intercalated or de-intercalated in the applied voltage region) 
of electrodes, and causing a significant decrease of the capacity and 
faster degradation upon continuous cycling [28,29]. The increased 
resistance at low temperatures is believed to be mainly associated with 

the changed migration behavior of Li+ at each battery component, 
including electrolyte, electrodes, and electrode-electrolyte interphases 
[21,26]. Being a Li+ conducting medium, high-freezing-point electrolyte 
remains the main rate-limiting factor for different LIB systems at low 
temperatures. The increased viscosity of the electrolyte at low temper
atures decreases the conductivity of Li+ in electrolytes and increases the 
resistance of passivation SEI and CEI layers [30,31]. 

Later in situ studies on the failure mechanisms of commercial bat
teries at low temperatures revealed significant negative impacts coming 
from the side of the electrodes [32,33]. Thus, in the systems with 
specially-designed low-temperature electrolytes, decreased rate of 
diffusion of Li+ in the solid-state thick electrodes becomes the 
rate-limiting factor [21]. Moreover, the degradation of electrode mate
rials at low temperatures occurs in both overall electrode levels, 
including binders, conductive carbons, current collectors, and the 
atomic level of electrochemically active materials [5,22,34]. Choosing 
an appropriate binder for both cathode and anode is essential, as the low 
electrical conductivity of the polymer binder causes additional resis
tance at low temperatures [35]. Furthermore, weakening of the binding 
properties and detachment of the active material from the current col
lector was observed at a shallow storage temperature of − 133 ◦C [34]. 
Even though most applications do not require tolerance for such extreme 
conditions, active electrode materials, especially anodes, are more sen
sitive to temperature changes at the atomic level. 

The main limitations of both electrode materials at low temperatures 
are significant polarization, slow charge transfer kinetics, and high 
resistance, caused by decreased conductivity of electrons and Li+ and 
the formation of unstable or too thick insulating SEI or CEI layers. When 
low-freezing-point electrolytes are used and electrodes thicknesses are 
reduced, desolvation of Li+ and its migration through insulating layers 
to electrodes become the most critical step [21]. On the other hand, 
studies showed that the anode part of LIBs at low operating tempera
tures contributes more to the overall cell resistance than the cathode 
part [32]. Moreover, deposition of metallic lithium and growth of den
drites, formed from the side reactions with electrolyte during charging, 
shorten battery life and cause safety problems [36,37]. The LT effect on 
the cathode is studied more diminutively than the anode, assuming it 
inhibits performance mainly due to the interconnected processes [3]. 
Depending on the type of batteries and conditions, additional challenges 
may arise, such as dissolution and deposition of transition metals on the 
separator, clogging the pores devoted for Li+ [33]. Therefore, the 
physicochemical properties of the separator also play a vital role in 
sustaining the LT performance of LIBs. 

Fig. 1 illustrates the main possible LT limitations of LIBs. 

3. Anodes 

3.1. Challenges in anodes at low temperatures 

3.1.1. Graphite 
Carbon-based materials are often used as the anodes in LIBs, holding 

the following advantages: low cost, high electrical conductivity, non- 
toxicity, and stable cycling life [38]. Graphite is the first and the most 
widely used anode in commercial LIBs because of its charge/discharge 
profiles, resembling the lithium metal, and the safety of the material at 
room temperature [39]. However, after careful characterizations of 
different battery components at low temperatures, it has been found that 
graphite anode significantly influences the degradation of battery per
formance at low operating temperatures (Fig. 2a) [2,3,40]. The main 
challenges include decreased electrical conductivity, restricted diffusion 
of Li+, and formation of unstable or too thick SEI layer with low con
ductivity [38,41,42]. High conductivities of electrons and Li+ are 
essential for reversible lithiation of the active anode material. 
Temperature-dependent lowering of the conductivities leads to 
increased Rct, electrode polarization, and poor 
intercalation/de-intercalation of Li+ [43]. It has also been associated 
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with the instability of the lithiation products and deposition of the 
metallic lithium [3]. 

The formation of a uniform and stable SEI layer of high ionic con
ductivity on the surface of the anode is also vital for the smooth 
reversible diffusion of Li+ and the cycling efficiency [31,44]. The sta
bility and uniformity of the SEI become a challenge, especially at low 
operating temperatures below 0 ◦C. It leads to localized lithium plating 
and dendrite growth, which can penetrate through the separator to the 
cathode side, causing short circuit and safety problems [2,3]. Even 
though some structural modifications can stabilize the SEI layer, irre
versible Li+ consumption on the surface with the thickening of the SEI 
layer also limits the diffusion of Li+ to the active anode material and, 
because of its low conductivity, mainly contributes to the increased 
overall cell resistance [45,46]. 

Compared to natural graphite, characteristics of synthetic graphite 
like highly oriented pyrolytic and highly porous graphite, can benefit in 
the electrochemical properties at LT due to its structural features, like 
the presence of oxygen groups on the surface of material leading to the 
more stable SEI layer formation [49]. Park et al. checked five types of 
graphite including one natural and four synthetic graphite samples, and 
confirmed that LT properties highly depend on the graphitization de
gree, surface area, and particle shape of the anode that are easily 
controlled in synthetic graphites [38]. Thus, all synthetic graphite 
samples exhibited higher reversible capacities at low temperatures 
compared to natural one. 

3.1.2. Silicon (Si) 
Si is attracting much interest as one of the most promising materials 

of anode for applications in LIBs due to its extremely high theoretical 
capacity (3580 mAh g− 1) [50]. Compared to commercially available 

Fig. 1. Illustration of the essential problems affecting the LIB performance at 
low temperatures. 

Fig. 2. (a) Effect of low temperature on battery performance and lithiation mechanism of graphite anode. (Reproduced with permission from Ref. [3]. Copyright 
2015, Elsevier). (b) Effect of low temperature on the potential of Si anode vs. Li/Li+ and schematics of the SEI features of the Si anode. (Reproduced with permission 
from Ref. [47]. Copyright 2019, American Chemical Society). Mechanism of the SEI film formation on Si@Graphite@C anodes at different temperatures. (Repro
duced with permission from Ref. [48]. Copyright 2022, Elsevier). 
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carbonaceous materials, Si forms an alloy with lithium, providing higher 
power density and better Li+ diffusivity [51]. However, the disadvan
tage of such material is rapid collapse upon cycling because of their 
weak mechanical properties and the volume changes (up to 300%), 
leading to instability of the SEI layer at a wide range of temperatures 
[52]. 

The composition of the SEI layer on Si/electrolyte interphase differs 
from that of graphite. According to Stetson et al., it consists of two main 
layers: the low-resistance inorganic-rich side facing the anode and 
passivating organic-rich side facing the electrolyte [47]. The passivating 
layer has high solubility at prolonged high-temperature rest but low 
solubility at low temperatures. Furthermore, the organic-rich SEI layer, 
in conjunction with the dropped potential of the Si anode vs. Li/Li+ at 
low temperature (Fig. 2b), potentially causes the lithium plating during 
LT operations [53]. 

The incorporation of the graphite into the Si anode can improve the 
mechanical, chemical, and electrochemical properties of the electrode, 
giving a synergetic effect from the high theoretical capacity of Si and 
ultrahigh stability of graphite [54]. On the other hand, the combination 
of the LT challenges of these two materials occurs unavoidably, leading 
to poor efficiency during the LT operations (Fig. 2c) [48]. Comprehen
sive approaches to electrode and electrolyte levels are needed to 
improve the LT performance of Si/graphite composites. 

3.2. Approaches to improve the performance of anodes at low 
temperatures 

Anode modifications. Different approaches on the electrode level 
have been recently proposed to improve the LT properties of the anode 
part by addressing the main LT limitations mentioned above. As 

summarized in Fig. 3, these approaches include controlling the 
morphology and microstructure, doping and coating nonmetals, metals, 
and metal ions, modifications on the electrode composition, and finally, 
coupling carbon-based anode materials with alternative anode materials 
of higher theoretical capacities and better LT capability than graphite. 
Table 1 summarizes the reported anode materials with corresponding 
modifications and LT properties. 

3.2.1. Choosing alternative materials 
Alternative anode materials for LT applications are proposed based 

on their working potentials, capacities, electrical and ionic conductiv
ities, stability, and reversibility of electrochemical reactions at low 
operating temperatures. 

Compared to graphite anode, titanium oxides, namely Li4Ti5O12 
(LTO) and different polymorphs of TiO2 (anatase, rutile, brookite, and 
bronze), have a high operation potential (~1.5–1.7 V vs. Li/Li+) and 
more stable structure, which allows ensuring higher safety by avoiding 
plating of metallic lithium at shallow potentials (<0.1 V vs. Li/Li+) 
caused by increased overpotential at low temperatures [63,64,83]. 
Furthermore, the nature and properties of the SEI layer formed on the 
surface of these materials are different from that of low-potential anode 
materials. On the other hand, LTO and TiO2 suffer from poor electrical 
and lithium ionic conductivity, becoming even more severe at low 
temperatures. Designing binder-free electrode consisting of LTO com
posite with highly-conductive agents, such as carbon nanotubes (CNT) 
and Ag nanocrystals, were proposed as a possible solution [62]. 

Alloying materials, including group IVA elements (Sn, Ge), are 
extensively studied as alternatives to Si and graphite, but they suffer 
from colossal volume expansion and structural instability. One way to 
improve the structural stability and LT performance of alloying 

Fig. 3. (a) Main characteristics of anode materials with improved LT properties and corresponding approaches. (b) Capacity retention ratio of different materials at 
different temperatures and (c) mechanism of the improved electrochemical stability of SnO2 anode at low temperature. (Reproduced with permission from Ref. [55]. 
Copyright 2021, Elsevier). 
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materials is to insert electrochemically inactive components in a small 
proportion. It was established that the intermetallic alloy material could 
be applied to solve the problem of volume change of the alloy anodes 
[84]. During charging and discharging, active compounds of interme
tallic material interact with Li+ at various potentials, while inactive 
compounds keep the structural stability and high electrical conductivity, 
thus enhancing the performance of the anode [85]. Eventually, deal
loying the intermetallic compounds can overcome two LT issues: 
increasing electrical conductivity and integrating volume changes of 
alloying anodes [71]. However, it compromises the overall capacity. 

Conversion-based materials (pure conversion, combined conversion- 
alloying, and conversion-intercalation type), such as metal oxides, sul
fides, and selenides (e.g., NiO, MoS2, Fe7Se8), are getting more attention 
as alternatives to graphite due to their availability, high theoretical 
capacities, and lower volume expansions during lithiation compared to 
alloying materials [45,72,77,82,86]. Furthermore, after the extensive 
studies on the LT performance of different conversion materials, it was 
found that they can deliver higher capacities at subzero temperatures, 
exceeding the capacity of LTO and alloying materials under the same LT 
conditions [74]. Sn-based materials as anode show stable capacity 
retention for long cycles at low temperatures. Taking 
conversion-alloying type SnO2 as an example, Tan et al. attributed it to 
the improved structural stability and reversibility of lithiation reactions 
in pure SnO2 electrodes by lowering the temperature due to unique 
allotropic changes of Sn [55]. The main limitation of metal oxides is low 
electrical conductivity and high SEI resistance at low temperatures [45, 
75]. 

While the commercialization of most alternative anode materials 
remains questionable, studies on the commercial anode-electrolyte in
teractions at low operating temperatures seem more practical. 

3.2.2. Morphology and structure 
Another method of enhancing the LT performance of anode is to use 

various nanomaterials (nanoparticles, thin films, nanowires, nanotubes, 
nanofibers, core-shell, and yolk-shell structures, and so on). Gavrilin 
et al. focused on designing 1D structures, namely nanowires and the 
study showed that even at − 50 ◦C, the Ge nanowire anode revealed a 
capacity of about 255 mAh g− 1 [68]. It was found that nanowires 
(nanotubes and nanofibers) provide good electrical conductivity along 
their length, short lithium-ion diffusion pathway, and more contact area 
between electrolyte and electrode materials [64,67,72]. 

Bai et al. have prepared 2D nickel oxide nanosheets coated with N- 

Table 1 
LT performance of LIBs with modified anodes.  

Anode material Electrolyte LT performance Ref. 

Carbon-based materials 
Metal-oxidized graphite 

(Me = Au, Ag, Ni, Cu, Al, 
Sn) 

1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 30 ◦C, 80–93 mAh 
g− 1 at C/5 for Al, Cu, 
Sn. 

[41] 

Oxidized graphite/Cu 
composite 

1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 30 ◦C, 130 mAh 
g− 1 at C/3 

[56] 

Graphite/Sn composite 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 30 ◦C, 152 mAh 
g− 1 at C/5 

[39] 

Nano-Sn embedded in 
graphite 

1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, 200 mAh 
g− 1 at 0.1C 

[42] 

Plate-like synthetic 
graphite KS-6 

1 M LiPF6 in EC: 
DEC = 3:7 

− 5 ◦C, 301.7 mAh 
g− 1 at 0.1 mAh cm− 2 

[38] 

Multilayer graphene 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 30 ◦C, 130 mAh 
g− 1 at 0.05 A g− 1 

[57] 

Structure-Controlled 
Graphene 

1 M LiPF6 in EC: 
EMC:MP = 20:60:20 
v/v% 

− 40 ◦C, ≈154 mAh 
g− 1 at 0.01 A g− 1 

[58] 

Co-doped 
Zn2SnO4–graphene–C 

1 M LiPF6 in EC: 
EMC:DMC = 1:1:1 

− 25 ◦C, 196 mAh 
g− 1 at 0.1C 

[59] 

Titanium oxides 
Nano LTO 1 M LiPF6 in PC: 

DME = 1:1 (wt.%) 
− 30 ◦C, 83 mAh g− 1 

at C/8 
[60] 

Carbon-coated LTO 1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, 120 mAh 
g− 1 at 1 C 

[61] 

LTO/Ag/CNT 0.75 M LiTFSI in 
1,3-Dioxlane 

− 60 ◦C, 140 mAh 
g− 1 at 0.2C 

[62] 

W-doped LTO/brookite 1 M LiPF6 in EC: 
DMC:EMC = 1:1:1 

− 20 ◦C, ~205 mAh 
g− 1 at 0.1 A g− 1 

[63] 

Nb-doped LTO-TiO2 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 20 ◦C, 128.6 mAh 
g− 1 at 1 C 

[40] 

TiO2 rutile 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 40 ◦C, 77 mAh g− 1 

at C/5 
[46] 

N-doped TiO2 NT/TiN/ 
graphene 

1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, ~150 mAh 
g− 1 at 1 A g− 1 

[64] 

Other intercalation materials 
Nb16W5O55 1 M LiPF6 in EC: 

DEC = 1:1 
− 20 ◦C, 163 mAh 
g− 1 at 20 mA g− 1 

[65] 

Fe2(MoO4)3-HMS 1 M LiPF6 in EC: 
DMC = 1:1 + 5 wt% 
FEC 

− 20 ◦C, 281 mAh 
g− 1 at 1 A g− 1 

[66] 

Fe-added Fe3C carbon 
nanofibers 

1 M LiPF6 in EC: 
EMC:DMC = 1:1:1 

− 15 ◦C, 250 mAh 
g− 1 at 400 mA g− 1 

[67] 

Fe3+-stabilized Ti3C2Tx 

MXene 
1 M LiPF6 in EC: 
DEC = 1:1 

− 10 ◦C, 135.2 mA h 
g− 1, 300 cycles, 200 
mA g− 1 

[44] 

Alloying materials 
Si 1 M LiPF6 in FEC: 

DMC = 1:4 
− 30 ◦C, 600 mAh 
g− 1 at 1C 

[50] 

Ge nanowires 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 50 ◦C, 255 mAh 
g− 1 at 1 C 

[68] 

Ge 1 M LiPF6 in EC: 
DEC = 1:1 + 3 wt % 
VC with 0, 10, 30, 
and 50 wt % PC 

− 20 ◦C, 1207 mAh 
g− 1, 1 C, 90.42% 
retention, 400 cycles 

[69] 

3D porous Cu–Zn 1 M LiPF6 in EC: 
DEC:DMC = 1:1:1 

− 20 ◦C, 197 mAh g− 1 

and − 30 ◦C, 137 
mAh g− 1 at 0.1 A g− 1 

[70] 

Nanoporous Cu-Ge-Al 1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, 122.9 mAh 
g− 1 at 1.0 A g− 1 

[71] 

Conversion-based materials 
Ag-incorporated Fe2O3/ 

CNF 
1 M LiPF6 in EC: 
EMC:DMC = 1:1:1 

− 5 ◦C, 560 mAh g− 1 

at 600 mA g− 1 
[72] 

Fe3O4 nanorods in N- 
doped carbon mat 

1 M LiPF6 in EC: 
EMC:DMC = 1:1:1 

17 ± 2 ◦C, 760 mAh 
g− 1 at 1000 mA g− 1, 
900 cycles 

[73] 

2D NiO@C–N Nanosheets 1 M LiPF6 in EC: 
DMC = 1:1 

− 40 ◦C, 428 mAh 
g− 1 at 0.05 A g− 1 

[45] 

Co3O4@graphene 
Composite 

1 M LiFP6 in EC:PC: 
EMC = 1:1:2 + 5 wt 
% FEC 

− 20 ◦C, ~450.2 mAh 
g− 1 at 0.5 A g− 1 

[74] 

SnO2 film 1 M LiFP6 in EC:PC: 
EMC = 1:1:2 + 5 wt 
% FEC 

− 20 ◦C, 603.1 mAh g 
− 1; 
− 30 ◦C, 423.8 mAh 

[55]  

Table 1 (continued ) 

Anode material Electrolyte LT performance Ref. 

g− 1, 100 cycles, at 
200 mA g− 1 

SnO2–LiF-graphite 1 M LiFP6 in EC:PC: 
EMC = 1:1:2 + 5 wt 
% FEC 

− 40 ◦C, 780.4 mAh 
g− 1 and - 50 ◦C, 
637.2 mAh g− 1 at 
100 mA g− 1 

[75] 

Cauliflower-Like CoFe2O4 1 M LiPF6 in EC: 
DMC = 1:1 

− 25 ◦C, 664.5 
mAh g− 1 at 100 mA 
g− 1 

[76] 

VS4 1 M LiPF6 in EC: 
DMC:DEC 

− 20 ◦C, 259.6 mAh 
g− 1 at 100 mA g− 1 

[77] 

FeS 1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, 562 mAh 
g− 1 at 0.2 A g− 1 

[78] 

MoS2/Carbon 1 M LiPF6 in EC: 
DMC = 1:1 

− 20 ◦C, 854.3 mAh 
g− 1, 100 mA g− 1 

[79] 

N-doped C/a-MnS/flake 
graphite 

1 M LiPF6 in EC: 
DEC = 1:1 

− 20 ◦C, 350 mAh 
g− 1, 50 cycles, 100 
mA g− 1 

[80] 

Cu2ZnSnS4 1 M LiPF6 in EC: 
EMC:DMC = 1:1:1 

− 10 ◦C, 475 mAh 
g− 1, 200 cycles, 500 
mA g− 1 

[81] 

Coral-Like Fe7Se8@C 1 M LiPF6 in PC:EC 
+ 5 wt% FEC 

− 25 ◦C, 710.3 mAh 
g− 1 at 0.1C 

[82]  
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doped carbon layer composite and applied as an anode for LIBs [45]. The 
batteries had excellent electrochemical properties in a wide range of 
temperatures (from room temperature to − 40 ◦C). A hierarchical porous 
2D structure improves the contact area between electrode materials and 
electrolytes, providing much more available insertion sites for lithium 
and enhancing the electrochemical performance [63]. 

The 3D structure can accelerate the process of electron transfer and 
shorten the diffusion and migration pathways of Li+ [87]. Due to their 
interconnected channels for electrolyte permeation, porous metallic 
structures have faster Li+ transportation, and accommodation of (de) 
lithiation-accompanied volume changes. For example, Yu et al. pro
posed strategies to overcome the volume expansion effects and improve 
the conductivity of VS4 [77]. They have prepared a 3D nest-like 
microstructure for modification of VS4 anode. As a result, this 
approach shows excellent LT electrochemical performance and even 
remains 259.6 mAh g− 1 at 100 mA g− 1 at subzero 20 ◦C. Similarly, 3D 
nanoporous alloy anodes can also increase electrochemical performance 
at low temperatures [71]. To overcome the problem of restacking gra
phene anode material, different 3D nanostructures are introduced. For 
example, aerogel, folded form, 3D nano- and macro-porosity, and 
laser-scribed graphene anodes. Such structures can provide a larger 
surface area with electrochemical activity and superior performance at 
LT conditions. This can be explained by the adsorption of Li+ on the 
defect sites of modified graphene. These findings have opened a way for 
developing 3D structure-controlled anodes, as it lets the battery operate 
at extremely low temperatures (− 40 ◦C) [58]. 

The significant slowdown of the diffusion-controlled charge storage 
mechanism of intercalation-type anodes limits their LT performance 
fundamentally. In contrast to diffusion-controlled batteries, super
capacitors with the temperature-independent surface-controlled energy 
storage mechanism show better LT performance due to rapid Li+

intercalation/de-intercalation on the electrochemical double-layer even 
at low temperatures [58]. Therefore, recent works focused on improving 
the pseudocapacitive properties of anode materials by controlling the 
morphology or surface defects and introducing the additional 
surface-controlled energy storage mechanism [45,73,81]. Such pseu
docapacitive behavior can significantly improve the lithium storage 
capacity, cycling stability, and rate capability of anode materials at low 
temperatures [45,76,80]. Furthermore, control of the morphology and 
structure is admitted to comprehensively address the main LT limita
tions of the anode materials by affecting the conductivity of electrons, 
pathlength of the Li+, and contact area of the electrode with electrolyte, 
thus number of electrochemically active sites [28,57,58,63,64,68]. For 
example, structure-controlled graphene anode with surface defect sites 
demonstrates excellent LT performance (capacity of ≈154 mAh g− 1 at 
0.01 A g− 1) and outstanding cycling stability at a temperature of − 40 ◦C 
[57]. On the other hand, excessive reactivity of the electrolyte with the 
anode, leading to side reactions, may be a significant drawback of 
applying nanostructures. 

3.2.3. Coating and doping 
Coating and doping are other practical approaches to enhance the 

conductivity of electrons and ions and affect the SEI layer formation in 
the LT anode materials [40,59,63,67]. Such modifications reduce the 
charge/discharge resistance and enhance the Li+ intercalation, as the 
appropriate changes in the surface chemistry of the anode lead to the 
formation of a stable SEI layer of high ionic conductivity [44,56]. 
Furthermore, metal coating on carbon anodes, such as Sn coating by 
vapor deposition, is believed to catalyze the anion desolvation and 
enhance the internal conductivity of the bulk electrode [39]. 

Gao et al. doped Co into Zn2SnO4–graphene–carbon nanocomposite, 
and it significantly decreased the Rct and improved the cyclic perfor
mance [59]. Doping of Nb5+ into TiO2-coated LTO led to a partial 
reduction of Ti4+ to Ti3+, improving the conductivity and expanding the 
crystal lattice to increase the lithium-ion diffusion coefficient [40]. On 
the other hand, W6+ doping into semiconducting LTO/TiO2 composite 

improved the electrical conductivity by decreasing the band gap value 
and helping to lower the polarization [63]. 

Zou et al. incorporated Ag into Fe2O3 carbon nanofibers, which 
facilitated electron conduction, maintained the structural integrity of 
active materials, enhancing charge-transfer efficiency and lithium 
diffusion coefficient at low temperatures [72]. The same group added Fe 
into Fe3C carbon nanofibers, and it not only improved the electrical 
conductivity but also catalyzed the reduction of some SEI components 
[67]. As a result, at a low temperature of − 15 ◦C, the composite had a 
capacity of 250 mAh g− 1 at 400 mA g− 1 even after 55 cycles. 

To solve the low Li+ diffusion problem and stabilize the SEI layer, 
Ti3C2Tx MXene anode was doped by Fe3+ ions [44]. The Fe3+-stabili
zation made –O/-OH groups in MXene interlayers active towards Li+ and 
lowered the diffusion barrier. The material showed stable cyclability 
with 135.2 mAh g− 1 capacity after 300 cycles under the current density 
of 200 mA g− 1 at − 10 ◦C. 

Doping nonmetals, such as N, also effectively improves the LT per
formance by enhancing the electrical conductivity of anode materials 
[64]. 

3.2.4. Electrode composition 
Electrodes are usually composed of anode active material, conduc

tive carbon black, and binder coated on the Cu foil current collector. The 
conductive carbon black in the electrode guarantees good contact be
tween the active material particles and compensates for the reduced 
electrical conductivity caused by the addition of low-conductive 
binders. The content of the carbon black in the electrode may vary 
from 3 to 20 wt% depending on the conductivity of the active material. 
Additional modifications on the carbon black were also proposed to 
increase the overall conductivity of the electrodes further. For instance, 
Marinaro et al. proposed replacing pristine Super-P with a Cu/Super-P 
composite as a conductive agent to improve the overall conductivity 
and LT performance of the LTO anode [88]. As a result of enhanced ionic 
and electronic transport in the electrode after Cu addition, the capacity 
at − 30 ◦C improved from 95 to 131 mAh g− 1 at 0.2C. 

Properties of binders, such as the adhesion strength, glass transition 
temperature (Tg), ionic conductivity, and electrolyte absorption, also 
play a vital role in the LT performance of the electrode. Even though 
sodium salt of carboxymethyl cellulose (CMC) and styrene-butadiene 
rubber (SBR)/CMC have the higher mechanical strength to accommo
date the volume expansion during cycling, studies have shown that 
anode materials with poly(vinylidene fluoride) (PVDF) binder possess 
faster Li+ diffusion at low temperatures due to higher electrical and ionic 
conductivity of PVDF [35]. To improve the adhesion of the 
PVDF-containing electrode material to the current collector, the surface 
oxides of the Cu foil are sometimes etched by the oxalic acid added to the 
slurry [35,39,41,56]. 

The preparation of binder-free electrodes could eliminate the addi
tional resistance coming from the binder. Thus, active materials 
deposited on substrates or vacuum-filtrated free-standing electrodes 
were directly used without any coating procedure [58,68,70]. Tan et al. 
compared LT properties of binder-free SnO2 film (sputtered onto Cu foil) 
to that of conventional SnO2 electrodes (prepared by slurry method), 
and the binder-free film showed improved rate-capability at − 10 ◦C and 
higher retention of the room-temperature capacity of 52.6% at 200 mA 
g− 1 (vs. 37.5% for conventional SnO2 electrodes) at − 30 ◦C [55]. 

4. Cathodes 

4.1. Challenges in cathodes at low temperatures 

After studying electrical characteristics of 18,650 Li-ion cells at low 
temperatures, Nagasubramanian concluded that the main reason for 
poor cell performance can be an increased resistance from CEI [89]. The 
unstable surface of the active material of cathode and side reactions on 
CEI caused by high overpotential can also influence the impedance level, 
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therefore leading to capacity loss and battery cycling life shortage 
[90–92]. Direct contact of the cathode with the electrolyte on the 
CEI-free surfaces may lead to the dissolution of transition metals (TMs) 
and their deposition on the anode or separator, causing a capacity 
decrease [93,94]. TM ions play an essential role as the rapid redox re
action centers, and their dissolution rate usually increases with tem
perature. Although low temperature should inhibit the dissolution of 
TM, increased heat generation due to the increased internal resistance of 
the battery at low temperature can give a reverse effect, especially under 
extreme conditions [95]. Moreover, unlike temperatures above 0 ◦C, in 
some studies, more severe loss of the active cathode material and faster 
performance degradation were observed at lower discharging rates 
(0.5C) compared to higher ones (1 and 2 C) at − 10 ◦C [96,97]. Another 
factors contributing to the capacity loss of the cathode at LT are reduced 
activation of the material, poor Li+ intercalation, and the lattice crystal 
construction, limiting the diffusion of ions [13,32]. 

4.2. Approaches to improve performance of cathodes at low temperatures 

Sometimes the capacity of LIBs at low temperatures can be enlarged 
up to about 10% by simply increasing the charging cut-off voltage. On 
the other hand, the changed cut-off voltage should not exceed the 
tipping point, at which irreversible oxidation of the electrolyte and a 
rapid loss of the active material start [98]. 

Since layered LiCoO2-based cathode materials are more vulnerable 
to LT operations due to corrosions from HF and poor stability of the 
surface structure [14,99], alternative cathode materials and their 
modifications, including olivine LiFePO4 (LFP), layered LiNixCoyMnzO2 
(NCM), and spinel LiMn2O4 (LMO), have been extensively studied. 
Table 2 summarizes the LT performance of LIBs with modified cathodes. 

Consecutive engineering methods for cathode materials improve LT 
performance. These methods deliberately modify the cathode active 
material to make their lithiation and delithiation processes at low 
ambient temperatures more kinetically stable. The main modification 
methods are surface coating, metal doping, and particle size reduction. 
Surface coating improves the surface conductivity of cathode material, 
reduces contact resistance, and prevents the dissolution of TMs [100]. 
Metal doping promotes the mobility of Li+ and electrons in the material 
by forming vacancies in the lattice structure and broadening the ion 
diffusion channel [101]. Furthermore, it stabilizes the CEI layer, pre
venting the side reactions with electrolytes and suppressing the 

dissolution of transition metals. Particle size reduction significantly 
shortens the diffusion path distance of Li+ and facilitates the lithium 
insertion/extraction process [102]. 

4.2.1. Olivine LFP cathode materials 
LFP is considered a promising cathode material owing to its mod

erate theoretical capacity (170 mAh g− 1), low cost, eco-friendliness, and 
natural abundance of iron. Furthermore, the oxygen release would not 
happen due to the strong P–O bond, which guarantees the robust 
structure and thermal stability during charging and discharging [103, 
104]. The main drawbacks of LFP at low temperatures include poor 
electrical conductivity, low Li+ diffusion coefficient, and sluggish Li+

migration rate during discharge, originating from their constricted ion 
transportation in one dimension (1D) along the b-axis (Fig. 4a) [101]. 
Therefore, the main improvement approaches are directed toward 
overcoming these limitations. 

The coating materials used to improve the electronic and ionic 
conductivities of the LFP cathode can be classified as carbon-based (e.g., 
Ketjen black, carbon nanotubes, and P-doped carbon) [100,105,106], 
organic (conductive polymers, e.g., polypyrrole) [108], and inorganic 
(e.g., LTO) [109]. The application of such coatings improves the diffu
sion of Li+ in the solid phase and, at the same time, helps to enhance the 
bulk conductivity of the nanocomposite, forming an excellent conduc
tive network (Fig. 4b). Furthermore, partially acting as an artificial CEI 
layer, it can protect from corrosion by preventing direct contact of 
electrolytes with Fe2+ ions. 

To further improve the LT properties of the LFP cathode, doping the 
carbon-coated material with rare-earth and metallic elements was also 
proposed [101]. These elements enhance the electronic conductivity 
and decrease the contact resistance by occupying the Li site. 

The microstructure of the carbon-coated LFP plays another signifi
cant role in its LT performance. For example, due to the shortening of the 
Li+ diffusion distance, LFP/C with a sheet structure and the 
pomegranate-like spherical structure, composed of smaller internal 
particles within a large particle, exhibited improved retention rates at 
− 20 ◦C compared to one with a large spherical structure [107]. 

4.2.2. Layered NCM cathode materials 
LiNixCozMnyO2 (NCM) is one of the most extensively used cathode 

materials, owing to its high reversible capacity (250 mAh g− 1), low 
environmental risks, and compared to other cathode materials, high Li+

Table 2 
LT performance of LIBs with modified cathodes.  

Cathode materials Electrolyte LT performance Ref. 

Olivine LFP 
LFP/Ketjen Black 1 M LiPF6 in EC:DMC = 1:1 − 20 ◦C, 120.2 mAh g− 1 at 1 C [105] 
LFP/C–P 1 M LiPF6 in EC:DMC:EMC = 1:1:1 − 40 ◦C, 82.7 mAh g− 1 at 0.1C [106] 
LFP/C 1 M LiPF6 in EC:DMC = 1:1 − 20 ◦C, 89.3 mA h g− 1 at 0.5C (58.7%) [107] 
LFP@C/CNT 1 M LiPF6 in EC:DMC:EMC = 1:1:1 − 25 ◦C, 71.4% of initial 160 mAh g− 1, 0.2C [100] 
LFP/PPy nanorod 1 M LiPF6 in EC:DMC = 1:1 − 20 ◦C,128 mAh g− 1 at 0.1C [108] 
LTO coated SP-LFP/C 1 M LiPF6 in EC:DEC = 1:1 0 ◦C, 45 mA h g− 1 at 0.5C [109] 
La3+Mg2+ LFP/CA 1 M LiPF6 in EC:DMC = 1:1 − 20 ◦C, 120.3 mAh g− 1 at 1 C [101] 
V3+ and F- co-doped LFP/C 1 M LiPF6 in EC:DMC = 1:1 0 ◦C, 86 mAh g− 1 at 10 C [110] 
Ti-doped LFP/C 1 M LiPF6 in EC:DEC = 1:1 − 20 ◦C, 122.3 mAh g− 1 at 1 C [111] 
Layered NCM 
NCM 111 1 M LiPF6 in MP:FEC (90:10 vol %) − 20 ◦C, 111 mAh g− 1 at 0.5C [112] 
NCM 532 1 M LiTFSI0.6–LiTFPFB0.4 in PC: EC:EMC = 1:1:3 − 20 ◦C, 101.3 mA h g− 1 at 0.1C [113] 
NCM 622 LiPF6 in EC:DEC 0 ◦C, 55 mAh g− 1 at 5 C [114] 
NCM 622 1 M LiPF6 in EC:DMC:EMC = 1:1:1 − 32 ◦C, 205 mAh at HL [115] 
NCM 71515 LiPF6 EC:EMC:DMC = 1:1:1 − 20 ◦C, 424472.41 W/m3 at 2C [116] 
NCM 90 1.2 M LiPF6 in EC:EMC = 3:7 v/v + 2 wt% VC 0 ◦C, 170 mAh g− 1, 0.5C, 100 cycles [117] 
Co-free NM 90 0 ◦C, 140 mAh g− 1, 0.5C, 100 cycles 
Ti surface-doped NCM 1 M LiPF6 in EC:DMC:EMC = 1:1:1 vol. − 20 ◦C, 122.4 mAh g− 1 at 5 C [118] 
AlF3-coated Li1.2Ni0.13Co0.13Mn0.54O2 1 M LiPF6 in EC:DMC = 1:1 − 20 ◦C, 109.3 mAh g− 1 at 0.1C [119] 
Spinel LMO 
Al-doped LMO/acid-treated Super P 1.15 M LiPF6 in EC:DMC:EMC = 3:4:3 − 10 ◦C, 75 mAh g− 1 at 100 C [120] 
LMO with SiO2 as separator LiPF6 in EC:DEC = 1:1 w/w − 20 ◦C, 92.3 mAh g− 1 at 0.2C [121] 
LMO-MST 1 M LiPF6 in EC:DMC:EMC = 1:1:1 vol. − 5 ◦C, 123.9 mAh g− 1 at 0.5C [102]  
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diffusivity, which makes it promising for LT usage. Compared with LFP, 
the Li+ diffuses along a 2D channel perpendicular to the c-axis in NCM 
(Fig. 4a). Instead of two phases, such as in LFP, layered TM oxides 
exhibit a single-phase solid solution during reversible lithiation/deli
thiation [123]. The electrostatic interaction of TM cations on Li+ in
fluences the work done by the system to transfer Li+. Consequently, the 
Li+ diffusion kinetics depend on the Li slab space and the type and 
valence state of TMs. Current research on LT capacity performance of 
NCM cathode mainly focuses on the increased diffusion kinetics of Li+

by controlling the ratio of three metal ions (Ni, Co, Mn). Different types 
of NCM cathode materials with different ratios of Ni, Co, and Mn was 
engineered and studied: Li(Ni1/3Mn1/3Co1/3)O2 (111) [112], Li 
(Ni0.4Mn0.4Co0.2)O2 (442) [125], Li(Ni0.5Mn0.3Co0.2)O2 (532) [113], Li 
(Ni0.6Mn0.2Co0.2)O2 (622) [114,115], Li(Ni0.7Mn0.15Co0.15)O2 (71515) 
[116], and Li[Ni0.9Co0.1]O2 (NC90), Li[Ni0.9Co0.05Mn0.05]O2 (NCM90), 
and Li[Ni0.9Mn0.1]O2 (NM90) [117]. Their wide variety and a large 
amount of information collected open the way to further study their LT 
properties. Among different NCM materials, NCM622 has the highest 
Li+ diffusion coefficient, with the minimum temperature change in the 
temperature range from − 25 to 50 ◦C [114]. Even though increasing the 
Ni content in NCM allows for higher capacities at room temperatures, Co 
plays an important role in maintaining its high electrical conductivity 
and LT performance (Fig. 4c) [117]. 

4.2.3. Spinel LMO cathode materials 
The spinel LiMn2O4 (LMO) cathode materials have many advantages 

(high power, low cost, favorable safety, and environmental 

friendliness). Compared to the other two types of cathodes mentioned 
above, it has a 3D structure advantageous for fast Li+ diffusion (Fig. 4a). 
However, it suffers from the increased cell impedance and low charging 
efficiency from regenerative braking at low temperatures [120]. The 
main approaches for improving the LT properties of LMO are directed to 
the suppression of the manganese dissolution. Xu et al. improved the 
stability of LMO by controlling its morphology [102]. The unique 
sphere-bridged tube jointless outer structure and the most exposed sta
ble facets on the surface of the crystals prevented the dissolution of 
manganese ions, and the LMO cathode maintained optimal cycling 
performance at − 5 ◦C. Chen et al. proposed to trap HF, which accelerates 
the dissolution of manganese ions, by implementing a porous silicon 
dioxide (SiO2) separator [121]. Along with the suppression of the 
manganese dissolution, the electrolyte-infiltrated separator demon
strated high ionic conductivity of 0.35 mS cm− 1 due to its hydrophilic 
properties, high porosity, and excellent mechanical strength at − 20 ◦C. 
As a result, LMO cells with this separator exhibited improved capacity 
and stability at low operating temperatures. 

5. Electrolytes 

5.1. Role of electrolyte on the formation of interphasal films on electrodes 

5.1.1. SEI layer formation at low temperatures 
The formation of the SEI layer is inevitable on the anode materials 

because their lithiation potential lies outside the thermodynamic sta
bility window of the typical organic electrolytes [126]. The primary 

Fig. 4. (a) Li+ diffusion directions in cathode materials of different structures. (b) Rate performance of the Ti3SiC2-modified and pristine LFP/C cathode materials at 
− 10 ◦C. (Reproduced with permission from Ref. [122]. Copyright 2015, Elsevier). (c) Rate capabilities of NM and NCM cathodes with increasing current density 
cycled at − 10 ◦C. (Reproduced with permission from Ref. [123]. Copyright 2022, Elsevier). (d) The discharge rate capability of Al3+-doped and pristine LMO 
electrodes at − 10 ◦C. (Reproduced with permission from Ref. [120]. Copyright 2017, American Chemical Society). (e) Schematic of the interfacial chemistry in 
different electrolytes. (Reproduced with permission from Ref. [124]. Copyright 2021, American Chemical Society). 
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mechanism of SEI formation occurs during the oxidation and reduction 
of the electrolyte at the electrode surface during the first few 
charge-discharge cycles. However, low temperatures affect the forma
tion of a stable film on the electrode surface and significantly reduce the 
performance of LIBs. Large amounts of Li+ are consumed in the first 
cycle, forming a relatively dense SEI at low temperatures due to lower 
solubility and worse kinetic characteristics of Li+, leading to large po
larization and low efficiency [48,127]. 

The formation and properties of SEI films largely depend on the 
composition of the electrolyte [128–130]. The addition of SEI-forming 
additives or co-solvents to the electrolyte solution is believed to be a 
practical approach to improving the LT properties of LIBs [131–133]. 
For example, moderate amounts of functional additives, such as 
prop-1-ene-1,3-sultone (PES) and lithium difluorobis(oxalato) phos
phate (LiDFBOP), promoted the formation of highly conductive SEI films 
with low resistance [131,132]. However, the effectiveness of the 

Fig. 5. Performance enhancement of LIBs at low temperatures from an electrolyte perspective.  
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additives strongly depends on the temperature. For example, with the 
addition of 10 wt% vinylene carbonate (VC), one of the well-known SEI 
layer forming additives at high temperatures, to the cell with Si anode, 
at − 5 ◦C, the discharge capacity considerably deteriorated due to poor 
ionic and electrical conductivity of the SEI layer [134]. Thus, to optimize 
the electrolyte for LT applications, it is necessary to balance the intrinsic 
physical properties of the formulations (i.e., freezing point, viscosity, 
and ionic conductivity) with the observed compatibility with the 
selected cell chemistry (i.e., the nature of the passivation film formed on 
the electrodes) at low operating temperatures. 

5.1.2. CEI layer formation at low temperatures 
The CEI layer has a crucial role in increasing the surface stability of 

the cathode because of the effective suppression of the electrolyte 
decomposition at the electrolyte/electrode interface, preventing the 
transfer of electrons between electrode and electrolyte [135–138]. On 
the other hand, low temperature compromises the formation of a uni
form CEI layer, degrading the LT performance of cathode in electrolytes 
without any functional additives (Fig. 4e) [124]. 

The formation of a fragile CEI at low temperatures leads to its 
overgrowth, irreversibly consuming Li+ from the electrolyte. It, in turn, 
decreases the concentration of Li+ in the electrolyte and increases the 
cell impedance, causing severe performance degradation [139,140]. 
Controlling the electrolyte composition to form a thin and uniform 
LiF-rich CEI layer on the surface of the cathode is believed to improve its 
Li+ conductivity and suppress the dissolution of TMs [112]. Further
more, it reduces the Rct and comprehensively improves the LT perfor
mance of the cathode. 

Due to high complexity and only recent interest in the subject, these 
processes are poorly researched but should be studied in more detail in 
the future to fully assess the impact of the low temperature on the 
cathode performance. 

5.2. Approaches to improve performance of electrolytes at low 
temperatures 

To improve the poor performance of LIBs at sub-zero temperatures, 
the modification and development of electrolytes are essential. The 
addition of additives, co-solvents and salts, ionic liquids to the electro
lyte, and changing the ratio of the electrolyte composition is mainly 
aimed at lowering the freezing point, lowering the viscosity, increasing 
the ionic conductivity, and forming SEI and CEI passivation layers with 
reduced resistance at low temperatures as seen in Fig. 5. Table 3 sum
marizes various modified LT electrolytes studied in different cell 
configurations. 

5.2.1. Solvent modification 
The main approaches to solvent modification include using various 

compositions and ratios of organic carbonates, making fluorinated 
electrolytes, using organic esters and other organic co-solvents. In gen
eral, the commercial electrolyte of LIBs is an anhydrous solution that 
consists of LiPF6 salt dissolved in organic carbonates. The studied sol
vent mixtures mainly consist of two or more organic carbonates, such as 
ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl car
bonate (DMC), diethyl carbonate (DEC), and propylene carbonate (PC), 
with different physical and chemical properties. However, LIBs with 
conventional commercial carbonate-based electrolytes lose most of their 
capacity at low temperatures [4]. The freezing point of a commercial 
electrolyte consisting of 1 M LiPF6 in 1:1 EC:DMC is about − 30 ◦C. Many 
exciting approaches toward solvent modification have been used to 
improve and develop LT electrolytes. 

One of the approaches is adding co-solvents with lower freezing 
points. For example, Plichta and Behl used EMC (− 55 ◦C) as a co-solvent 
to increase the liquidus range of commercial EC:DMC electrolyte, so the 
cell with modified electrolyte can work at low temperatures down to 
− 40 ◦C [4]. Another approach is reducing the viscosity of the electrolyte 

Table 3 
LT performance of LIBs with modified electrolytes.  

Electrolyte System LT performance Ref. 
Solvent modification 
1 M LiPF6 in EC:EMC: 

TFENCH = 6:24:10 
LCO/graphite − 35 ◦C, 20 cycles, - [141] 

1 M LiPF6 in DMC:EMC 
= 3:5 + BA16% +
EC10% 

NCM811/Li − 40 ◦C, 60.5% of 
its RT capacity, 50 
cycles 

[142] 

1 M LiPF6 in MTFP/FEC 
= 9:1 

NCM811/Li − 60 ◦C, 133 mAh 
g− 1 

[143] 

1 M LiPF6 in EC:DEC =
1:2 + 28.6% EP 

LCO/graphite − 20 ◦C, 186 mAh 
g− 1 

[144] 

0.75 M LiPF6 in EC:DEC: 
DMC:EB = 1:1:1:1 

graphite/Li − 20 ◦C, 292 mAh 
g− 1 

[145] 

1 M LiPF6 in PC:EC:MB LCO/graphite − 30 ◦C, 95 mAh 
g− 1, C/2 

[146] 

1 M LiPF6 in EC:DEC: 
FEC = 4.5:4.5:1 

Si@graphite@C/Li − 5 ◦C, 2300 mAh 
g− 1 

[134] 

1 M LiPF6 in EC:DEC: 
DMC:EMC = 1:1:1:3 

LiNixCox-1O2/MCMB − 50 ◦C, 68.9% 
retention, 0.1C 

[147] 

Modification of lithium salt 
1 M LiPF6 in EC:EMC: 

PC = 4:7:1 + 1% 
LiPO2F2 

NCM523/graphite − 20 ◦C, 91.7 mAh 
g− 1, 100 cycles 

[148] 

0.4 M LiDFOB/LiBF4 

(1:1) in EC:DEC:DMS 
= 1:2:1 

LFP/Li − 40 ◦C, 82.5 mAh 
g− 1, 55.7% 
retention 

[149] 

Additives 
1 M LiPF6 in EC:EMC =

1:2 + 1% EMI-BF4 

NCM523/graphite − 30 ◦C, 878.7 
mAh, 0.5C 

[150] 

− 10 ◦C, 150 cycles, 
89.4% retention 

1 M LiPF6 in EC:EMC =
1:2 + 1.0% PFPMS 

NCM523/graphite − 20 ◦C, 400 cycles, 
66.3% retention, 
0.5C 

[151] 

1 M LiPF6 in PC:DMC +
2 vol% CMDO + 3 vol 
% EC + 5 vol% FEC 

Li/MCMB − 10 ◦C, 35 cycles [152] 

1 M LiPF6 in EC:EMC =
1:2 + 1% LiDFBOP 

NCM523/graphite − 20 ◦C, 93% of its 
RT capacity, 50 
cycles 

[131] 

1.0 M LiPF6 in EC:DMC: 
EMC = 1:1:1 + 1.0% 
PES 

LCO/graphite − 40 ◦C, 75% of its 
RT capacity 

[153] 

1 M LiPF6 in EC:EMC: 
PC = 1:1:1 + 2% FEC 

graphite/Li − 40 ◦C, 84.5% of 
its RT capacity, 
0.3C 

[154] 

1 M LiPF6 in EC:PC: 
EMC = 1:1:3 + 1% BS 

LFP/Li − 20 ◦C, 64.8 mAh 
g− 1, 50 cycles, 1 C 

[155]  

1 M LiPF6 in EC:PC: 
EMC + FEC + VC 

NMC/Li − 40 ◦C, 85.6 mAh 
g− 1 

[156] 

1 M LiPF6 in EC:EMC =
1:2 + 2% LiPO2F2 

NCM523/graphite − 10 ◦C, 92.7% 
retention, 0.3C, 
100 cycles 

[157] 

1 M LiPF6 in EC:PC: 
EMC:DEC:VC:FEC =
20:5:55:20:2:5 + 1% 
PDMS-A 

LCO/graphite − 20 ◦C, 89% 
retention 0.1C, 50 
cycles 

[158] 

1 M LiPF6 in EC:DMC =
1:1 + 2% FI 

graphite/Li − 20 ◦C, 54.1% 
retention, 0.1C 

[159] 

1 M LiPF6 in EC:DMC =
1:1 + Li–SiSB (1 wt 
%) + PDMS–HT (0.2 
wt%) 

LCO/graphite − 20 ◦C, 84.6% 
retention, 50 
cycles 

[160] 

1 M LiPF6 in EC:EMC =
1:2 + PhMS (1 wt%) 

NCM523/graphite − 10 ◦C, 73.8% 
retention, 100 
cycles 

[161] 

1 M LiPF6 in EC:DMC: 
EMC = 1:1:1 + 2% 
FEC 

graphite/Li − 20 ◦C, 55% 
retention, 10 
cycles 

[162] 

1.3 M LiPF6 in EC:EMC: 
DEC = 3:2:5 + 2 wt% 
AS 

graphite/Li − 30 ◦C, 0.05C [126] 

Combined method of modification 
LNO/graphite [163] 

(continued on next page) 
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to improve the mobility of Li+ at low operating temperatures. Since the 
commonly used electrolyte solvent, EC has a high melting point 
(36.4 ◦C) and high viscosity ([Y] = 1.90 cP at 40 ◦C), reducing its con
tent in the electrolyte (i.e., <25%) and optimization of the blend of 
linear carbonates (DMC, EMC, DEC) have been proposed as a practical 
approach [175]. However, a decrease in the viscosity of the electrolyte 
does not fully ensure an increase in ionic conductivity. So, A. J. Ringsby 
et al. proposed low-temperature cation transport phenomena should be 
studied collectively, taking into account the effects of ion association, 
solvent viscosity, and cation transport number [176]. For example, in its 
study, γ-butyrolactone (GBL) was used as a low viscosity co-solvent to 
the electrolyte system of LP57 (1 M LiPF6 in EC:EMC = 3:7). Although 
GBL reduces the viscosity of the solution, its low dielectric constant leads 
to an increase in ion pairing, which does not lead to an improvement in 
bulk ionic conductivity, nor to a noticeable change in the mechanisms of 
ion transport. 

LT liquid electrolytes can also be obtained by inhibiting the crys
tallization of EC using additional co-solvents, such as PC. Zhang et al. 
compared two electrolytes of 1 M LiPF6 in a mixture of solvents (EC: 
EMC) with and without PC. Adding PC to electrolytes significantly 
improved the LT performance of LIBs owing to the formation of less 
resistive SEI film at the electrolyte-electrode interface [177]. Although 
the decomposition products of PC during the SEI formation increase the 
viscosity and deteriorate the ionic conductivity of the electrolyte at low 
temperatures, authors claim that the properties of the formed SEI film 
are more detrimental in improving the LT performance of LIBs. The same 
phenomenon was observed by Kafle et al. after testing 20 combinations 
of solvent compositions on graphite/NCM111 LIBs: the results showed 
that the LT performance depended more on the SEI quality than the 
conductivity of the solvent [153]. On the other hand, electrolyte com
positions in which cyclic carbonates (EC, PC) account for less than 25% 
of the total solvent and solvent compositions with a higher percentage of 
short-chain linear carbonates (DMC, EMC) improved LT performance. 
The authors concluded that the LT performance of LIBs could be 
improved by designing the composition of the most commonly used 
solvents without commercially unavailable additives. In addition, it has 
been shown that ternary and quaternary solvent mixtures are better than 
conventional binary mixtures in producing electrolytes with desirable 
electrode film characteristics, low melting points, and high conductivity 
at low temperatures [178]. 

PC alone is believed to be incompatible with graphite anode as it fails 
to form uniform passivation layer. Adding cosolvent capable to form ion- 
solvent-coordinated structure, such as DEC, was found to solve this 
issue, realizing the reversible lithiation/delithiation of the graphite 
anode. As a result, in comparison to conventionally used EC-based cells, 
the pouch cells with the PC-based electrolyte exhibited better LT per
formance [179]. 

Using non-carbonate organic esters as co-solvents in electrolytes is 
another approach to developing electrolytes for LT operation. Properties 
of certain esters (Fig. 6), such as low viscosity, low melting point, high 
dielectric constant, and good compatibility with carbon anodes and 
mixed metal cathodes, can improve LT characteristics of LIBs [143,145]. 
Methyl formate (MF), methyl acetate (MA), ethyl acetate (EA), ethyl 
propionate (EP), ethyl butyrate (EB), and methyl butyrate (MB) are 
commonly studied ester co-solvents used as electrolyte components 
[146,147,180]. Comparison of MA, EA, EP, and EB as co-solvents has 
shown that high molecular weight esters generally form more suitable 
SEIs that are less resistive but more protective, while low molecular 
weight esters have an ongoing reaction of the electrolyte with the anode 
and thus a constant build-up of the interface impedance during stor
age/cycling. Since the improvement in conductivity decreases with 
increasing chain length or molecular weight, the authors re-confirmed 
that high ionic conductivity at low temperatures is necessary but 
insufficient since the ability of esters to form favorable SEI surface films 
on the carbon electrode is crucial [145,147]. Thus, a prototype cell 
containing 1.0 M LiPF6 in EC:EMC:MP = 20:60:20 vol% electrolyte 
provided six times more capacity than an entire carbonate mixture and 
could withstand moderate rate at low temperatures down to − 60 ◦C. 

Earlier, Sazhin et al. showed that among the variations of MA, EA, 
Isoamyl acetate (IAA), Isopropyl acetate (IPA), or EP ethers with linear 
carbonates (DMC, DEC, or EMC), electrolyte compositions containing EP 
(EC:DMC:EP and EC:EMC:EP) are most promising at − 20 ◦C [180]. On 
the other hand, electrolyte containing MA (EC:DMC:MA) showed 
excellent initial performance, rapidly degrading upon subsequent cycles 
at low temperatures. Xu et al. later attributed it to the high reactivity 
between MA and MCMB anode with the catalytic formation of the 
CH3O• radical by the MCMB anode [165]. The cycling stability of LIBs 
with MA-modified electrolytes could be improved by suppressing the 
side reactions using species derived from binary functional additives, 
such as tris(trimethylsilyl) phosphite (TMSP) and 1,3-propanediolcyclic 
sulfate (PCS). Considering the improved conductivity of the 
MA-modified electrolyte, the authors also support previous studies on 

Table 3 (continued ) 

1 M LiBF4 in PC:EC: 
EMC = 1:1:3 

− 30 ◦C, capacity 
retention of 86% 

1 M LiBF4 in EC:PC: 
EMC = 1:2:7 + 1% 
FEC 

TiO2(B)/graphene − 20 ◦C, 153.4 mAh 
g− 1, 95% 
retention, 2 A g− 1, 
500 cycles 

[164] 

1 M LiPF6 in Methyl 
Acetate:EC:DEC:EMC 
= 3:1:1:1 + 1% TMSP 
and 1% PCS 

LiNi0.5Mn1.5O4/MCMB − 5 ◦C, 102 mAh 
g− 1, 0.3C, 200 
cycles 

[165] 

1 M LiDFOB in EC:DMC: 
DMS = 1:1:1 + 4% 
LiDFP 

LNMO/graphite − 20 ◦C, 72.31% 
retention, 1 C, 200 
cycles 

[166] 

1 M LiDFOB in IZ:FEC 
= 10:1 vol. 

graphite/Li − 20 ◦C, 187.5 mAh 
g− 1 at 0.1C 

[167] 

1 M LiPF6 in EC:PC: 
EMC:DEC =
20:5:55:20 + 2% VC 
+ 2.5% Li202 
nanosalt 

LCO/graphite − 20 ◦C, - [168] 

1 M LiPF6 in EC:PC: 
EMC = 1:1:8 + 0.05 
M CsPF6 

LiNi0.80Co0.15Al0.05O2/ 
graphite 

− 20 ◦C, 97.5% 
retention, 0.1C, 
100 cycles 

[169] 

1 M LiPF6 in EC:PC: 
EMC:DMC =
1.8:0.3:3.0:3.5 + 1% 
VC + 0.5% LiBOB 

NCM/graphite − 20 ◦C, 0.74 mAh [101] 
− 30 ◦C, 0.35 mAh, 
5 C 

1.28 M LiFSI in FEC: 
FEMC–D2 

LiNi0.8Co0.15Al0.05O2/Li − 85 ◦C, − 56% of 
its RT capacity 

[170] 

− 20 ◦C, 150 mAh 
g− 1 for 450 cycles, 
1/3C 

0.75 M LiTFSI in 1,3- 
dioxan 

LCO/LTO − 80 ◦C, ~60% of 
its RT capacity, 
0.1C 

[171] 

LiTFSI in PYR1ATFSI: 
EC:PC:EM:FEC 

LFP/Li − 30 ◦C, 73.5 mAh 
g− 1, 0.1C 

[172] 

0.3 M LBF + 0.7 M LPF 
in DMC:EMC = 3:5 +
16%(V) BA + 10%(V) 
EC 

NCM811/Li − 40 ◦C, 119.3 mAh 
g− 1 

[173] 

LiPO2F2/G4/HFE (1/ 
1.2/2, by mol) +5% 
FEC (wt) 

NCM523/Li − 60 ◦C, 70.9 mAh 
g− 1 

[174] 

Abbreviations: MTFP – methyl 3,3,3-trifluoropionate; EMI-BF4 - 1-ethyl-3-meth
ylimidazolium tetrafluoroborate; NCM523 - LiNi0.5Co0.2Mn0.3O2; PFPM - 
2,3,4,5,6 - pentafluorophenyl methanesulfonate; TFENH - 2,2,2-Trifluoroethyl 
N-caproate; D2 - (tetrafluoro-1-(2,2,2-trifluoroethoxy)ethane; FEMC - methyl 
(2,2,2-trifluoroethyl) carbonate); BA - butyl acrylate; CMDO - 4-Chloromethyl- 
1,3,2-dioxathiolane-2-oxide; MCMB - mesocarbon microbeads; BS - 1,4-butyl 
sultone; PYR1ATFSI - N-methyl-N-allylpyrrolidinium bis(tri
fluoromethanesulfonyl)imide; EB - ethyl butyrate; PDMS-A - poly 
[dimethylsiloxane-co-siloxane-g-acrylate]; FI - fluorosulfonyl isocyanate; 
PDMS-HT - Hydroxyl–terminated poly(dimethylsiloxane); PhMS - Phenyl 
methanesulfonate; AS - allyl sulfide; IZ – Isoxazole; RT – room-temperature. 
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the importance of both high Li+ conductivity and the favorable SEI layer 
for achieving high performance at low temperatures. 

Other organic compounds with different functional groups are also 
successfully studied as co-solvents for electrolyte development at low 
temperatures. Lu et al. proposed to use about 25 vol% of 2,2,2-Trifluor
oethyl N-caproate (TFENH) as a new co-solvent to LiPF6 in EC:EMC 
system [141]. The addition of TFENH decreased the viscosity and 
increased the ionic conductivity of electrolytes at low temperatures. 
Furthermore, it decreased the resistance of the SEI film and formed a 
thin and stable CH3(CH2)4COOLi film on the anode surface. As a result, 
the LT performance of graphite-Li and LiCoO2-graphite cells with the 
modified electrolyte improved significantly. 

To solve the LT problems of LIBs, many researchers have focused on 
the ionic conductivity of the electrolyte. Comparing the LiFePO4/Li and 
graphite/Li half-cells, Li et al. proved that ionic conductivity is the main 
limiting factor for the LT characteristics of the cathode electrolyte [181]. 
However, for the electrolyte in the anode half-cell, the factors associated 
with the electrolyte interface are more significant. On the other hand, 
some researchers opposed the general idea that ionic conductivity is the 
leading cause of LT battery performance problems [171,182]. The au
thors stated that the main reason for this problem is the sluggish des
olvation at the liquid-solid interface and the reduced migration rate of 
lithium in the active material. Significantly different characteristics of 
LIB in electrolytes with similar ionic conductivity once again confirm 
this point of view. Therefore, a significant increase in the capacity of 
LIBs at low temperatures can be achieved by reducing the solvent 
molecule, which binds more strongly to Li+ [182]. Xu et al., to enhance 
the poor temperature performance of LiBs, offered to use an electrolyte 
such as 1,3-dioxolane-based (DIOX-based) electrolyte because of its low 
binding energy between Li+ and solvent molecules [171]. The 
DIOX-based electrolyte on nanoscale lithium titanate electrode showed 
~60% of the room-temperature capacity at − 80 ◦C under 0.1C rate. 
Another effective way of decreasing the affinity between solvents and 
Li+ in the electrolyte is using fluorinated electrolytes [170]. 

5.2.2. Modification of lithium salt 
Lithium salt is an essential part of the electrolyte. It can significantly 

affect the LT performance of a battery because the solubility and degree 
of dissociation of the lithium salt affect the ionic conductivity of the 
electrolyte [173,183]. 

LiPF6 is considered the most optimal and practical lithium salt due to 

its properties, such as good electrochemical stability, the absence of 
corrosion of the aluminum collector, and high electrical conductivity. 
Therefore, LiPF6 is widely used in electrolytes of LIBs. Nevertheless, this 
salt has drawbacks, such as difficulty in preparation, poor thermal sta
bility, too high sensitivity to water, and high ionic mobility. Because of 
these properties of salt, it is challenging to use without losing its char
acteristics, leading to a high application cost. In addition, the Rct of LIBs 
(containing 1 M LiPF6 salt in PC:EC:EMC (1:1:3 (wt.)) increases signif
icantly when the temperature drops below − 10 ◦C, so a high Rct of 
graphite and cathode may be another reason for poor LT performance 
[184]. To improve the LT characteristics of LIBs, Zhang et al. suggested 
using LiBF4 salt instead of LiPF6 in Li + electrolytes [163]. The authors 
claim that although the ionic conductivity of an electrolyte with LiBF4 is 
lower than that of LiPF6, it reduces Rct and exhibits better LT 
performance. 

Using lithium salts as an electrolyte additive is another promising 
approach to improving the LT characteristics of LIBs. Since forming a 
favorable SEI layer is one of the crucial reasons for improving the LT 
characteristics of LIBs [145,147], the use of lithium salts as additives to 
the electrolyte gives practical results [148]. However, many of the 
studied SEI-layer-forming additives are organic, and the SEI layer 
mainly consists of polymers formed due to their predominant oxidation 
or reduction. These compounds are poor ion conductors, and even if 
they create a favorable SEI layer, on the other hand, they increase the 
interface impedances [134]. Thus, using inorganic lithium salts as 
electrolyte additives is a perfectly reasonable solution for the poor 
temperature performance of LIBs. Yang et al. investigated Lithium 
difluorophosphate (LiPO2F2) as an additive to LiNi0.5Co0.2Mn0.3O2/g
raphite cells at low temperatures and showed a significant improvement 
in capacity compared to cells without additives [148]. The decomposi
tion of LiPO2F2 resulted in a lower impedance and higher LiF and Li2CO3 
content in the SEI components, forming conductive and stable SEI film 
on the graphite. Lei et al. also indicated that adding LiPO2F2 could 
improve the LT performance of the NCM523/graphite battery by 
reducing the interface impedance [157]. In addition, S. Kuang et al. 
illustrated the contribution of LiPO2F2 to the cathode-electrolyte inter
face (CEI) with sufficient LiF and P–O components on the NCM523 
cathode surface [174]. The formed CEI successfully prevents transition 
metal ion dissolution and electrolyte decomposition leading to the 
improved low temperature performance. 

Lithium difluoro (oxalate)borate (LiDFOB) is another well-known 

Fig. 6. Physical properties and chemical structures of candidate ester-based co-solvents investigated in experimental Li-ion cells. (Reproduced with permission from 
Ref. [147]. Copyright 2010, The Electrochemical Society). 

A. Belgibayeva et al.                                                                                                                                                                                                                           



Journal of Power Sources 557 (2023) 232550

13

lithium salt used for improving low temperature battery characteristics 
[185]. However, it is proven that traditional electrolyte with LiDFOB has 
poor temperature performance [166]. Nevertheless, if this salt is com
bined with another electrolyte system, low temperature performance is 
improved. For example, S. Tan et al. used isoxazole as the main elec
trolyte and tested it at − 20 ◦C [167]. An electrochemical study has 
shown the formation of a stable SEI to protect the graphite anode and 
enable the lithium graphite cell to be cycled providing approximately 9 
times the value delivered by the commercial electrolyte. Another use of 
the salt is as an additive. For example, Chen et al. reported that 
LNMO/graphite cell performance significantly improved by adding 
LiDFOB and dimethyl sulfate (DMS) as a co-solvent at low and high 
temperatures [166]. While the CEI film formed on the cathode by 
oxidation and decomposition of LiDFOB causes improved battery per
formance at high temperatures, the improved LT performance is 
explained by that DMS has a lower melting point and viscosity, and 
LiDFOB improves the degree of dissociation of electrolytes, which in
creases ionic conductivity at low temperatures. 

Another solution for LiDFOB salt was mixing with LiBF4 in equal 
proportions (1:1, by molar) - in EC:DEC:DMS (1:2:1, vol.) solvents. The 
combination of the advantages of different salts in an optimized mixed 
solvent has resulted in excellent film-forming characteristics and low 
interface film impedance at low temperatures, especially at − 40 ◦C 
[149]. 

As another example of such additives, Hamenu et al. synthesized a 
lithium-modified silica nanosalt (Li–SiO2, coded Li202) of hydrophobic 
fumed silica (R202 (made after polydimethylsiloxane (PDMS) treatment 
to create a hydrophobic surface)) as an electrolyte additive to improve 
LT performance of LIBs [168]. The use of a new synthesized LT additive 
Li202 nanosalt (2.5 wt%) In a 1.0 M LiPF6 electrolyte solution dissolved 
in EC:PC:EMC:DEC (20:5:55:20 vol%) and 2 wt% VC has resulted in 
higher ionic conductivity. Adding Li202 provides advantages such as 
electrochemical stabilization of the electrolyte against oxidation at 
higher voltages. In addition, the authors claim that because of the PDMS 
surface groups and additional Li+ of the electrolyte containing Li202, a 
better cycle performance at − 20 ◦C is provided compared to other 
electrolytes. 

5.2.3. Additives 
The use of electrolyte additives to improve the LT performance of 

LIBs is a promising approach to electrolyte modification. Adding small 
amount of additives (usually up to 5%) to the electrolyte can stabilize 
and increase battery life by promoting film formation, protecting the 
anode or cathode, and ensuring battery safety. 

Using ionic liquids as an additive is another approach when modi
fying new electrolytes for LT battery operation. Wang et al. offered to 
use a 1% 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4) as 
an ionic liquid-type electrolyte additive to form stable SEI on LiNi0.5

Co0.2Mn0.3O2 (NCM523)/graphite batteries to improve the LT perfor
mance [150]. The authors state that by adding EMI-BF4, battery capacity 
retention increases by 11.5% after 150 cycles at − 10 ◦C, and the 
discharge capacity almost doubles at − 30 ◦C. Zhang et al. synthesized 
new N-methyl-N-allylpyrrolidinium bis (trifluoromethanesulfonyl) 
imide (PYR1ATFSI) ionic liquid electrolyte to improve LT battery per
formance [172]. Studies of the effect of FEC in LiTFSI/PYR1ATFSI:EC: 
PC:EMC electrolyte on LiFePO4/Li coin cells have shown promising re
sults at low temperatures down to − 60 ◦C due to a decrease in the 
freezing point and polarization of the composite electrolyte. 

Yang et al. presented 2,3,4,5,6-pentafluorophenyl Methanesulfonate 
(PFPMS) as a versatile additive capable of forming interfacial films on 
electrode surfaces in LiNi0.5Co0.2Mn0.3O2/graphite cells over a wide 
temperature range [151]. The authors compared discharge capacity 
retention between cells containing 1.0 wt% PFPMS, 1.0 wt% vinylene 
carbonate (VC), and cells without additive at different temperatures. 
Comparison results at a low temperature of − 20 ◦C show that the 
discharge capacity retention of the cell with 1.0 wt% PFPMS maintains 

66.3% at 0.5C, and for cells without additives and with VC additive, the 
retention reaches 55.0% and 62.1%, respectively. 

To protect against the destruction or freezing of electrolyte compo
nents and improve the capacity retention and performance of LIBs at low 
temperatures, copolymers based on PDMS can be used as additives, 
which give electrochemical stability provided by the PDMS main chain 
and grafted functional groups of acrylate, phenyl and ethylene oxide 
[158]. 

Another organic SEI ideal layer formation additive researched by Shi 
et al. is Fluorosulfonyl isocyanate (FI), which has a high recovery po
tential (over 2.8 V compared to Li/Li+) [159]. With the addition of FI, 
the resistance of the graphite/electrolyte interface decreases; the SEI 
layer formed by FI consists of a thick and protective inorganic inner 
layer that prevents the growth of the outer organic layer. One more 
candidate for forming an SEI film is phenylmethanesulfonate (PhMS) as 
an LT electrolyte additive. Analytical results showed that adding PhMS 
to the NCM523/graphite full cell can reduce the impedance of the 
NCM523/graphite full cell at low temperatures by forming an SEI film 
on the surface of the graphite anode [161]. 

Another new additive to solve LT battery problems has been pro
posed by Phiri et al. [160]. Since biological organisms adapted to low 
temperatures have zwitterionic molecules with anti-freezing properties 
in their body, the use of synthesized Zwitterionic lithium-silica sulfo
betaine silane (Li–SiSB) with hydroxyl-terminated poly (dimethylsilox
ane) (PDMS-HT) as LT additives to the electrolyte of LIBs is entirely 
justified. It ensures anti-freezing properties and improved ionic con
ductivity, and stable SEI formation. 

Sulfur-containing organic compounds (allyl sulfide, allyl disulfide, 
and propyl sulfide) are also suitable electrolyte additives used to 
improve the poor performance of LIBs at low temperatures. For example, 
at − 30 ◦C, compared to a conventional electrolyte, an electrolyte with a 
small amount of allyl sulfide (AS) additive in a Li/graphite cell has a 
reversible graphite electrode capacity of three times. AS has the prop
erties of forming a pre-formed film due to spontaneous oxidation during 
the soaking period. After repeated cycles, a carbon-rich sulfur-contain
ing film forms at the surface of the graphite, which aids the charge 
transfer reaction at the graphite electrode, inhibiting lithium plating 
[126]. Another study on sulfur supplementation used dimethyl sulfoxide 
(DMSO), which promotes lithium nucleation and creates a strong SEI 
layer on the lithium metal electrode in extremely cold environments 
[133]. As a result, lithium metal batteries with DMSO-added electrolyte 
can provide a discharge capacity of 51 mAh g− 1 at 40 ◦C at a current of 
0.2C. Moreover, SEI has been shown to be resistant to stripping and 
lithium metal deposition cycles under cold conditions by a series of 
electrochemical studies carried out at temperatures up to 80 ◦C. 

5.2.4. Combined method of modification 
Since both lithium salt and solvents are vital in the electrolyte 

composition for the LT characteristics of the battery, the combined 
modification of both salt and solvents in the electrolyte composition can 
be a comprehensive solution to the problem of LT electrolytes. The main 
task of the double modification is to lower the melting temperature and 
viscosity, raise the constant of solvents, develop lithium salts, and 
improve the compatibility of the components [186,187]. 

Later, researchers have focused on modifying the LIBF4 salt as a 
lithium salt in the electrolyte because of its reduced Rct, which gives 
good performance at low temperatures [163]. Optimization of LiBF4 as 
electrolyte salt in EC:PC:EMC (1:2:7) solvents designed for TiO2(B)/
graphene anode in LIB at low temperature provided a specific capacity 
of ~105 mAh g− 1 at a current density of 5 A g− 1 at − 20 ◦C. The excellent 
performance is attributed to the reduced separation energy of the Li+

between solvents and the weak interaction between Li and EMC with an 
optimized composition according to computational simulations [164]. 
When LiBF4 was used as a modified lithium salt in solvents with the 
addition of BA and EC, modified solvents, to the base electrolyte, the LT 
discharge capacity of the battery greatly improved. The Li+ diffusion 
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and transport were improved by changing the CEI film properties [173]. 
Mandal et al. optimized the system of salts and solvents of the 

electrolyte of a LIB for operation in the temperature range from − 40 to 
+70 ◦C [188]. Through careful study of the solubility and freezing 
characteristics of solvent mixtures, a mixture of EC, DMC, and EMC 
(15:37:48 wt%) has been proposed. The authors also proposed replacing 
LiPF6 with LiTFSI according to its stability, high conductivity in any 
environment, and safety. At − 40 ◦C, the conductivity of the optimized 
electrolyte composition, 0.9 M LiTFSI in EC:DMC:EMC (15:37:48 wt%), 
is about 2.0 mS cm− 1. 

A new approach to solving the problem of high melting points of 
electrolytes can be using non-crystallizing mixtures of solvents and 
lithium electrolytes. Kasprzyk et al. proved that it is possible to prepare a 
non-crystallizing electrolyte with LiTDI (lithium 4,5-dicyano-2-(trifluor
omethyl)imidazolide) or LiPF6 salt in a mixture of EC with PEG250 (poly 
(ethylene glycol) dimethyl ether) [178]. Some of these mixtures show a 
glass transition below − 70 ◦C and relatively high conductivity (0.014 
mS cm− 1) at − 60 ◦C. 

Another approach is adding additives to organic ester-based elec
trolytes to improve LT performance further [189]. Smart et al. designed 
Methyl Butyrate-based electrolyte solutions (EC (20%) and high MB 
content (60%)), with and without additives (FEC, lithium oxalate, VC, 
LiBOB) for LT performance [190]. This approach has shown that 
modified solvents with additives significantly improve the LT discharge 
rate capability due to forming a favorable SEI layer. 

LT charging of a LIB can cause the problem of lithium plating on the 
surface instead of being intercalated in the anode. Lithium plating and 
poor LT performance can be corrected by combined electrolyte modifi
cation: addition of additive and solvent modification, respectively. 
Jones et al., as a result of their research, proposed a new electrolyte 
composition with the addition of lithium bis (fluorosulfonyl)imide 
(LiFSI) in 1.0 M LiPF6 in EC:EMC:MP (20:20:60 vol%), which can reduce 
the lithium plating at low temperatures [191]. The authors pointed out 
that adding 0.10 M LiFSI additive did not show lithium plating down to 
− 40 ◦C, which is a good result for charging the cell at lower tempera
tures. Another investigation was carried out by Piao et al., who used 
LiNO3 as an additive and tetramethylurea as a multifunctional 
co-solvent to a conventional electrolyte [187]. This modification con
tributes to the formation of a robust and highly conductive SEI and 
suppresses HF generation. 

6. Summary and conclusion 

A wide range of factors influences the LT performance of LIBs. 
Therefore, a complex modification of the whole battery as a system with 
an optimized choice of electrode materials and electrolyte additives can 
allow solving the problem. Research on overcoming the electrolyte LT 
limitations has concentrated on modifying solvents and lithium salts, 
adding a small amount of organic compounds, or combining modifica
tion methods. The electrolyte optimization for LT applications mainly 
focuses on improving its intrinsic physical properties, such as freezing 
point, viscosity, ionic conductivity, and chemical composition and 
properties for film forming on the surfaces of electrodes. The main ap
proaches to address the limitations of the electrode materials at low 
temperatures include metal or nonmetal doping, surface coating, and 
morphology control. These approaches are mainly designed aiming at 
the following enhancements of the electrode materials.  

● to improve the lithium-ionic conductivity by enlarging the lattice 
space and creating additional room for free movement of Li+ or by 
shortening the lithium-ionic path;  

● to increase the electrical conductivity by a highly conductive surface 
coating layer or decrease the band gap of semiconducting materials;  

● to stabilize the SEI and CEI layers and reduce the resistance by 
coating artificial layers or catalyzing the formation of components 
with high ionic conductivities and restricting the layers overgrowth;  

● to improve electrode-electrolyte contact area and increase the 
number of electrochemically active sites by designing porous nano
structures of different dimensions (1D, 2D, and 3D). 

Even though the performance improvement mechanisms and ap
proaches for low temperature are similar to those at room temperature, 
additional parameters should be considered in the case of LT applica
tions. For instance, conductivity-enhancing modifications should not 
compromise the stability and resistance of SEI or CEI at low tempera
tures and vice versa. Since the performance of all LIB components at low 
temperatures is interdependent and interconnected, the electrode 
modifications should be studied in conjunction with the electrolyte 
modifications. 

Based on the published data so far, an ideal composition of LIB for LT 
applications is going to include.  

● an anode composed of a nanostructured composite of graphite with 
conversion-type compounds of high theoretical capacity, demon
strating increased reversibility of lithiation/delithiation reactions at 
low temperatures (e.g., Sn-based compounds); further research could 
focus more on LiF-coated SnO2 anode, demonstrating excellent 
electrochemical performances even at extremely low temperatures 
up to − 50 ◦C;  

● a cathode made of high-capacity and high-electrical-conductivity 
compounds with electrolyte-stable microstructure (e.g., surface- 
treated NCM with an optimized ratio of transition metals); the 
promising results of thin and uniform LiF-rich layer deposition on the 
NCM surface could be further studied to understand the CEI forma
tion mechanism at low temperatures;  

● an electrolyte composed of lithium salt with low desolvation energy 
(e.g., LiTFSI) and a mixture of solvents with a low freezing point, 
high ionic conductivity, low viscosity (e.g., low-molecular-weight 
esters, such as EA or MP), and stable thin SEI-forming properties 
(e.g., FEC or VC). For instance, the effect of 1 M LiTFSI in MP:FEC =
9:1 (wt.) on the LT properties of different cathode and anode mate
rials and improvement mechanisms could be further investigated in 
detail. 

On the other hand, the possibility of combining such components 
into one LT LIB and other novel configurations should be further 
extensively investigated. 

Finally, we would like to conclude by pointing out several research 
flaws for LT LIBs that deserve greater attention, and tackling them might 
make LIBs operable at ultra-low temperatures. The most obvious of these 
is that the advancement of electrolyte systems for LT operation needs to 
consider both the conductivity of electrolyte systems and the better 
performance of targeted electrodes, which requires in-depth elaboration 
and a combination of electrolyte composition and structure and elec
trode reaction mechanism. Moreover, from this review, it can be noted 
that the novel electrolyte systems in combination with additives were 
generally developed and studied only for specific cathodes or anodes 
alone. Electrolytes, which positively affect both electrodes in a full cell, 
need to be designed and investigated. Additionally, it is worth 
mentioning that there is scarce research on the relationship between 
electrode crystal structure and solid-state ion diffusion at low temper
atures. Due to the direct influence of lattice dimensions on ion diffusion, 
especially at low temperature, it is promising to investigate this rela
tionship thoroughly from a new perspective of capabilities of novel 
state-of-the-art in-situ and operando techniques and modify the elec
trode crystal structure on this basis accordingly. More complex struc
tures such as core-shell, gradient, and 3D architectures rather than 
doping and coating might help in solving the problem of slow diffusion 
of lithium metal ions. Further, along with electrodes and electrolytes, 
other battery components such as current collectors, separators, binders, 
and conductive agents also need to be investigated. Last but not the 
least, battery testing protocols at low temperatures must not be 
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overlooked, taking into account the real conditions in practice where the 
battery, in most cases, is charged at room temperature and only dis
charged at low temperatures depending on the field of application. 

We believe that the collective knowledge currently available and 
that will be obtained in the coming years in the field of LT LIBs will make 
it possible to construct a battery operable at ultra-low temperatures 
allowing us to use our phones and drive our cars outside at − 30 ◦C, or 
even fly across the space. 
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