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ABSTRACT

Lithium-ion batteries (LIBs) have evolved into the mainstream power source of energy storage equipment
by reason of their advantages such as high energy density, high power, long cycle life and less pollution.
With the expansion of their applications in deep-sea exploration, aerospace and military equipment,
special working conditions have placed higher demands on the low-temperature performance of LIBs.
However, at low temperatures, the severe polarization and inferior electrochemical activity of electrode
materials cause the acute capacity fading upon cycling, which greatly hindered the further development
of LIBs. In this review, we summarize the recent important progress of LIBs in low-temperature
operations and introduce the key methods and the related action mechanisms for enhancing the capacity
of the various cathode and anode materials. It aims to promote the development of high-performance

Cathode materials
Anode materials
Optimizing methods

electrode materials and broaden the application range of LIBs.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) have become the main energy
storage system for various civilian electronic equipment owing to
their high specific energy, excellent charge retention ability and
low toxicity [1,2]. In addition, LIBs are gradually replacing
traditional nickel-cadmium batteries and are used in deep-sea
exploration, aerospace, military equipment and other fields [3].
Compared with civilian equipment, deep submersibles, planetary
detectors, military mobile power supplies and other devices place
stricter requirements on the performance of batteries, especially to
provide electricity even at low temperatures. However, in the
practical application of low temperatures (<10 °C), the energy and
power of LIBs are reduced greatly [4]. It is reported that the energy
and power density provided by commercial 18,650 LIBs at -40°C
are only 5% and 1.25% of the values at room temperature, which
severely limits its use in the cold-resistant fields such as the deep
sea, aerospace and military [5,6]. Hence, outstanding low-
temperature performance is one of the urgent problems to be
solved in the development of LIBs.

* Corresponding authors.
E-mail addresses: sunxh@tju.edu.cn (X. Sun), zhengchunming@tiangong.edu.cn
(C. Zheng).
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In recent years, many researchers have made in-depth studies
on the main factors causing the poor performance of LIBs at low
temperatures and summarized them into three aspects. (1) The
viscosity of the electrolyte increases and the conductivity
decreases significantly [7]. (2) The electrochemical impedance
increases, especially the charge transfer resistance (R¢) [8]. (3) The
diffusion capacity of Li* reduces in the electrode material [9].
Above mentioned drawbacks jointly contribute to the severe
polarization and inferior electrochemical activity of electrode
materials at low temperatures, and thus resulting in sharp capacity
fading of electrodes during charge-discharge processes. Further-
more, during low-temperature charging, especially at high rates,
the anode is more prone to precipitate lithium metal and
exacerbate the irreversible reaction with the electrolyte, which
causes the cell polarization to increase again [10]. Eventually, the
performance of the battery is further deteriorated. However, the
types of electrolytes available are limited and the development of
separators is relatively slow, so the current research on the low-
temperature performance of LIBs mainly focuses on the modifica-
tion of electrode materials. By enhancing the ion diffusion rate,
electronic conductivity and spatial structure stability of electrode
materials to improve its charge-discharge specific capacity at low
temperatures.

In this review, we systematically analyze the major factors that
limit the capacity of LIBs in combination with recent studies on
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low-temperature performance. Then, according to the different
cathode and anode materials, the methods and the related action
mechanisms for enhancing the capacity of LIBs in cold environ-
ments are summarized, including reducing the particle size,
surface coating, designing structures and doping. Finally, the
research direction of LIBs at low temperatures has prospected.

2. Methods for enhancing the low-temperature capacity of
cathode materials

The cathode is the core component of a LIB and directly affects
its electrochemical performance. The capacity attenuation of the
cathode material at low temperature is mainly caused by four
factors: the reduced activation of the active material in the cathode
leads to a decrease in capacity; the more difficult Li* intercalation
causes a certain discharge capacity loss; the increased electro-
chemical impedance reduces the electrochemical reaction kinetics,
especially the R.; the lattice contraction limits the diffusion of Li*
in the crystal and reduces the diffusion coefficient of Li* [11,12]. For
these reasons, we focused on the improvement methods of
LiFePOy4, Li3V,(PO4)s, nickel-cobalt-manganese ternary materials,
Li-rich materials and LiMn,04 cathode materials that are often
used at low temperatures (Table 1).

2.1. LiFePO,4 cathode material

LiFePO, with olivine structure has been the mainstream
cathode material in LIBs as a result of its advantages, such as
high discharge specific capacity (~170 mAh/g), stable structure,
excellent cycle performance and high safety [13]. In theory, LiFePO,
exchanges Li" with the electrolyte on all surfaces, but the actual Li*
can only move to the crystal in the [010] direction, which seriously
affects the diffusion capacity of Li* (~10"'cm?/s) [14,15].
Meanwhile, LiFePO, also has poor electronic conductivity (~10°
S/cm) [16]. These shortcomings will be amplified as the
electrochemical activity of the material decreases in cold

environments, resulting in a sharp reduction in battery capacity.
Therefore, the research on LiFePO4, mainly focuses on improving
the extremely poor ion diffusion rate and electron conductivity at
low temperatures. The optimizing methods are surface coating,
particle size reduction, and doping.

Surface coating is a useful method to enhance the low-
temperature capacity of cathode materials. On the one hand,
electron transport networks will be established to increase the
conductivity of the cathode material [17,18]. On the other hand, the
material structure will be stabilized by reducing the polarization of
the material during charging and discharging. Carbon coating in
the surface coating is a relatively mature approach to optimize the
electrochemical performance of LiFePO,. Firstly, at high tempera-
ture, carbon can not only form more pores in the pyrolysis process
to promote the infiltration of electrolyte on the LiFePO4 but also
effectively inhibit Fe?" oxidation to enhance the purity of LiFePO,
phase [13,15,19,20]. Secondly, a uniform and complete carbon
coating can build a conductive network to enhance the surface
conductivity of LiFePO, particles. Finally, the coating of multiple
carbon sources can not only improve the graphitization degree of
the carbon but also establish a better conductive network through
complementary advantages, thus optimizing the low-temperature
performance of LiFePO4. Yao et al. [21] wrapped nano-sized
LiFePO4 spheres with in-situ graphitized carbon cages, resulting in
better electron conductivity (2.15x 10! Sjcm) and excellent
capacity (87 mAh/g vs. 17mAh/g) in 1mol/L LiPFs ethylene
carbonate (EC)-dimethyl carbonate (DMC)-ethyl methyl carbonate
(EMC) (the volume ratio of the three is 1:1:1) electrolyte solution at
-40°C. Xie et al. [22] used graphene nanofibers to form LiFePO,4/C
with a “bridge network” structure. The composite in 1 mol/L LiPFg
EC-DMC (the volume ratio of the two is 1:1) delivered the
capacities of 92.8 mAh/g after 200 cycles at -20°Cand 1 C. Liu et al.
[23] demonstrated that LiFePO4/C coated with fructose and
calcium lignosulfonate had a capacity retention rate of 75.1% at
-10°C and 0.5 C in 1 mol/L LiPFs EC-EMC-diethyl carbonate (DEC)
(the volume ratio of the three is 3:3:4) electrolyte. The 3D carbon-

Table 1
Low-temperature capacity of different cathode materials.
Methods Cathode materials Temperature  Current Capacity after Capacity without Ref.
(°0) density modification modification (mAh/g)
(©) (mAh/g)
Surface coating LiFePOg/in-situ graphitized carbon cage —40 0.1 87 17 [21]
LiFePO,/C/graphene nanofiber -20 5.0 72.0 37.8 [22]
LiFePO4/C (fructose and calcium lignosulfonate) —20 0.5 116.9 771 [23]
LiFePO4@C/CNT -25 0.2 114.24 85.44 [24]
LiFePO,/polypyrrole -20 1.0 85.7 - [29]
LiFePO,4/C@CeO, -20 0.1 99.7 87 [31]
LiFePO,4/C@V,05 —10 0.2 135 60 [32]
LiFePO,4/C@Ti5SiC, -10 1.0 110.6 78 [33]
Li5V5(PO4)s/C@polyvinyl alcohol -20 0.1 84.3 (3.0-4.3V); 118.9 - [53]
(3.0-4.8V)
Li3V,(P0O4);@C@Ce0, -20 1.0 70.4 (3.0-4.3V); 103.3 53.6 (3.0-4.3 V); 86.7 [54]
(3.0-4.8V) (3.0-4.8V)

LisV5(PO4);@C/CNT -20 10.0 86.1 - [55]
Li;2Nig13C0013Mng 540,@AIF; -20 0.1 109.3 54.9 [79]
Doping Mn-substituted LiFePO,4/C -20 5.0 70 52.2 [42]
Ti doped LiFePO,4/C -20 1.0 1223 - [43]
Mg and F co-doped LiFePO,4/C -20 5.0 74 31 [44]
La** and Mg?* doped LiFePO,/C -20 10.0 85.4 17.8 [45]
Control component Li(NixMnyCo,)O, 0 5.0 55 (622) 19 (71,515) [66]
content Li(NixCoyMn; x_,)05 -20 0.2 127.4 (x=0.85) 76.8 (x=1/3) [70]
XLi;MnOs-(1-x)LiMny3Ni;3C01/302 -10 50 mA/g 114.5 (x=0.3) - [76]
Li1»Nig2 xC02xMngg_xO> (x =0.05) -20 0.1 111.3 (3.0-4.3V) 57.3 (771
Structures design Plate-like Li3V,(PO4)3/C -20 0.1 1174 - [58]
3D hybrid structure of Li3V,(PO4);@biomorphic  —20 5.0 > 80 (3.0-4.3V) ~0 [59]

carbon
Particle size reduction  1.63 pm — 1.45 um (LiFePO4/C) -20 0.2 105.6 52.4 [38]
Full battery LiNipsMn;504/Sn-C -5 0.25 105 - [83]
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nanotube-decorated nano-LiFePO,@C/CNTs designed by Wu et al.
showed an excellent low-temperature property [24]. At -25°C in
1 mol/L LiPFg EC-DMC-DEC (the weight ratio of the three is 1:1:1)
electrolyte, the capacity retention of this synthetic composite
could achieve ~71.4% of that at 25 °C. Fig. 1 shows the morphology
of the LiFePO4@C/CNT composite. It displays that the improvement
in low-temperature performance results from the synergy of the
amorphous uniform carbon coating. The amorphous carbon is
evenly coated on LiFePO, nanoparticles, which improves the
diffusion capacity of Li* and enhances the stability of the interface
of LiFePO,4. Simultaneously, the carbon nanotubes connect the
LiFePO4@C particles to form an optimal 3D conducting network in
the entire electrode, thus cutting down the internal resistance and
optimizing the low-temperature performance. Moreover, the
method also alleviates the effect of low temperature on LiFePO,
working voltage. The middle discharge voltage of LFP@C/CNT
(3.26 V) was higher than that of the pristine LFP (3.00V), LFP@C
(3.03V) and LFP/CNT (3.09V) at -25°C. This is because the co-
coating of carbon and carbon nanotubes reduces the polarization
of LiFePO, at low temperatures, accelerates the electrochemical
reaction, and thus increases its working voltage.

However, some studies have shown that excessive carbon
coating can cause the production of Fe,P as a by-product, which
seriously reduces the tap density of LiFePO; and induces a
declining actual specific capacity of LiFePO,4 [25]. Therefore, some
conductive polymers with similar mechanisms of carbon action are
selected to modify the conductivity of LiFePQy, such as polyaniline
and polypyridine [26,27]. Compared with carbon, they have better
compatibility with electrolytes, which can effectively adjust the
polarity difference between LiFePO,4 and electrolyte, promote the
infiltration of electrolyte into active particles and lower the R
[28]. Gao et al. [29] synthesized the 2.95% polypyrrole-coated
LiFePO, composite (LiFePO4/PPy) had a high capacity of 85.7
mAh/g at-20°Cand 1 Cin 1 mol/L LiPFg EC-DEC (the volume ratio
of the two is 1:1) electrolyte. Furthermore, they also showed that
the coating of Polypyrrole (2.95%) slowed the drop in discharge
voltage caused by low temperatures, but too much PPy had the
opposite effect. This is because PPy has no discharge voltage
platform, which will inevitably affect the discharge platforms of
LiFePO4/PPy composites. Moreover, metals or metal oxides have
drawn high attention from researchers by reason of their excellent
conductivity and simple preparation. Lin et al. [30] systematically
researched the effect of Sn-coating on the electrochemical
performance of LiFePO,/C and showed that Sn-coating was
beneficial to enhance the low-temperature capacity of LiFePO4/C
(Fig. 2). It is attributed to the fact that the Sn-coating increases the
mutual contact between LiFePO, particles, reduces the activation
energy required to transport Li* (42.76 kJ/mol vs. 81.02 k]/mol), and
thus promotes the rapid diffusion of Li* at low temperature. At the
same instant, the coating layer also inhibits the dissolution of Fe in
the electrolyte and plays an effective role in protecting the active
material. Yao et al. [31] reported that Li* had better insertion/

Fig.1. (a) HRPTEM image, (b) schematic structure diagram and (c) SEM image of the
LiFePO4@C/CNT nanocomposite. Reproduced with permission [24]. Copyright 2013,
John Wiley and Sons.
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Fig. 2. (a) Capacity of LiFePO,4/C and (b) LiFePO,4/C-Sn under different temperatures
at 0.5 C. Reproduced with permission [30]. Copyright 2013, Elsevier.

extraction capability in CeO,-coated LiFePO4 at low temperatures.
This is by reason of the improved contact between the LiFePO, and
the current collector and particles, which alleviates the increase in
R (606.5 ) vs. 7444 () and delivers an excellent low-
temperature capacity of 99.7 mAh/g after 30 cycles at -20°C and
0.1 Cin 1 mol/L LiPFg EC-DMC (the volume ratio of the two is 1:1)
electrolyte. Similarly, Jin et al. [32] coated highly conductive V,03
(103 S/cm) on the external of LiFePO, to promote Li* transport in
the LiFePO4 and raise the low-temperature capacity of LiFePO4/C
(~135mAh/g at -10°C and 0.2 C in 1 mol/L LiPFs EC-DEC (the
weight ratio of the two is 1:1) electrolyte). In addition to the
coating mentioned above, Cai et al. [33] showed that coating with
4 wt% TisSiC, (TSC-4) was another effective tactic to enhance the
poor low-temperature performance of LiFePO4/C. The crystal
structure of Ti3SiC; is a highly anisotropic hexagon and has a
huge surface area. Ti3SiC, can form a “plane-to-point” conduction
mode between the original particles, increase the low electron
transfer rate and make it compatible with the diffusion rate of Li",
thereby improving the low-temperature capacity of LiFePO4. The
results showed that the TSC-4 kept capacity retention of 97.0% at
-10°Cand 1 Cafter 100 cycles in 1 mol/L LiPFs EC-DMC (the volume
ratio of the two is 1:1) electrolyte (LiFePO4/C was 81.2%).

Particle size reduction has a general mechanism of action in
improving the low-temperature capacity for LiFePO4. Reducing the
particle size can observably shorten the length of the diffusion path
of Li* and electrons, promote the lithium insertion/extraction
process, and enhance the electron transfer speed to a certain extent
[34,35]. Meanwhile, the huge specific surface area of the small
particles can make them fully get in touch with the electrolyte and
promote the rapid diffusion of Li* between the solid and the liquid
phases [36]. Zhao et al. [37] proposed that the discharge capacity of
carbon-coated LiFePO, material would increase with the decrease
of particle size at low temperatures. At -20°C under 0.2 C, the
capacity could be enhanced from 52.4 mAh/g to 105.6 mAh/g when
the particle size diminished from 1.63 pm to 1.45 pwm (1 mol/L
LiPFs in EC-DEC (the volume ratio of the two is 1:1) as the
electrolyte). However, smaller particles not only produce more side
reactions but also require a large amount of binder for binding,
which will inevitably lead to a reduction in capacity [38].
Moreover, for the 1D diffusion of LiFePO,4 in the [010] direction.
Zhao et al. [39] prepared large-sized single-crystal LiFePOg4
nanosheets with a high exposure ratio along the direction of
[010] by controlling the thickness of the particle layer, as shown in
Fig. 3. The shorter path lengths and the larger effective contact field
with the electrolyte in the [010] direction are significantly
improved the Li* diffusivity (6.2 x 107> cm?/s).

The low-temperature capacity of LiFePO4 can also be increased
by trace doping of elements. The fact that the doped ion is close to
the iron ion radius does not induce a large change in the structure
of the crystal. Proper doping can change the ratio of Fe>*/Fe?*,
reduce the energy level of conduction bands and valence bands,
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Fig. 3. Schematic illustration of shortening the Li* diffusion distance along the
[010]. Reproduced with permission [39]. Copyright 2014, American Chemical
Society.

and improve the conductivity of LiFePO4 [40]. Moreover, doping
can promote the formation of phases and provide more Li*
vacancies, and thus optimize the electrochemical activity of
LiFePO,4 [41]. Zeng et al. [42] developed LiFegg9gMng g2P04/C
materials, which showed a high capacity of 70 mAh/g at -20°C
and 5 Cin 1 mol/L LiPFg EC-DMC-DEC-EMC (the volume ratio of the
fouris 1:1:1:1) electrolyte. The substitution of trace Mn?* weakens
the increase of potential difference between the charging and
discharging voltage platforms, promotes the insertion and
extraction of Li*, and thus enhances the electrochemical perfor-
mance. Li et al. [43] announced that the LiFePO4/C with Ti in-situ
doped had a discharge capacity of 26 mAh/g more than LiFePO,4/C
at -20°Cand 1 Cin 1 mol/L LiPFs EC-DEC (the volume ratio of the
two is 1:1) electrolyte. Huang et al. [44] prepared LiFeggs-
Mgo.08(PO4)o.99F0.03 electrode material co-doped with Mg and F
by solid-phase method. The doped F rearranges the electron cloud
in the PO, to increase the electronic conductivity. The length of
the Mg-0 bond is shorter than that of the Fe-O, which broadens the
diffusion channel of Li* and improves the ion conductivity of
LiFePO4. At -20°C in 1 mol/L LiPFg EC-DEC (the volume ratio of the
two is 1:1) electrolyte, the specific capacities of the material were
109 (1 C),94 (2 C),and 74 mAh/g (5 C). Zhang et al. [45] synthesized
La and Mg-doped Liggglago1FegoMgo1PO4 composite electrode
material by solution impregnation process and had a high low-
temperature capacity, 56.6 mAh/g under -20°C and at 50 C (1
mol/L LiPFs in EC-DEC (the volume ratio of the two is 1:1) as the
electrolyte). The results of electrochemical impedance experi-
ments indicated that the ion doping, and carbon aerogel coatings
improved the electronic conductivity of LiFePO4 (107! S/cm).

2.2. Li3V5(POy4); cathode material

LisV,(POg4)3 has attracted great attention because of its good
thermal stability, excellent ions mobility and high reversible
capacity (~197 mAh/g) [46,47]. Rui and co-workers reported that
the low-temperature performance of LizV,(PO4)3/C was remark-
ably exceeded that of LiFePO4/C in 1 mol/L LiPFg EC-DMC (the
weight ratio of the two is 1:1) electrolyte [48]. The initial charge
and discharge curves of LisV,(PO4)3/C and LiFePO4/C at diverse
temperatures are illustrated clearly in Fig. 4. At -20 °C, LizV5(PO4)s/
C has a stable and reversible discharge capacity of 108.1 mAh/g
versus LiFePO4/C is only 45.4 mAh/g. Obviously, at low temper-
atures, LisV,(POg4)s has better capacity stability than LiFePOg. It
may be due to the 3D network Li* channels of LizV,(PO4); (LVP)
which contribute to Li* diffusion, resulting in excellent Li*
intercalation/deintercalation reversibility and structural stability
[49,50]. To further improve the low-temperature capacity of
LisV5(PO4)s, scholars have adopted the strategies of surface coating
and designing structures.

The mechanism of the surface coating to optimize the low-
temperature performance of LizV,(POg4); is the same as LiFePOy,

LI
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Fig.4. The initial charge and discharge curves of (a) LiFePO,4/C and (b) Li3V,(PO4)3/C
at diverse temperatures (23, 0, -10 and -20°C) and 0.3 C. Reproduced with
permission [48]. Copyright 2011, Elsevier.

which raises the electrical conductivity and reduces the polariza-
tion to increase the low-temperature capacity of materials [51,52].
The Li3V,(PO4)3/C coated with polyvinyl alcohol prepared by
Qiao et al. provided a remarkably initial discharge capacity of 84.3
mAh/g (3.0-4.3V) and 118.9 mAh/g (3.0—4.8 V) in the electrolyte
1 mol/L LiPFg EC-DMC (the weight ratio of the two is 1:1) at -20°C,
0.1 C[53].Caietal [54] proved that CeO, (2%) significantly reduced
the R, (from 491.8 ) to 119.5 () and increase the capacity
(70.4 mAh/g (3.0-4.3V); 103.3 mAh/g (3.0-4.8 V)) of Li3V,(PO4)3/
Cat-20°Cand 1 C. Tai et al. [55] demonstrated that the LisV,(PO4)3
coated with glucose and carbon nanotubes showed an excellent
low-temperature capacity, 86.1 mAh/g between 3.0V and 4.3V at
-20°C, 10 C (1.2 mol/L LiPFg in EC-DMC-EMC (the volume ratio of
the three is 1:1:1) as the electrolyte). The synergistic effect of two
carbon sources prevents particle agglomeration and provides
remarkable electron and Li* transport paths.

The structure design can dramatically enhance the low-
temperature capacity of the electrode materials. For example,
the large specific surface field of the flat plate structure raises the
contact area between the electrode and the electrolyte and
promotes the rapid diffusion of Li* between them [56], and the
mixing of various structures can efficiently avoid the self-
aggregation of low-dimensional nanomaterials and improve the
tap density [57]. The plate-shaped LisV,(PO4)3/C material with a
thickness of 100 nm and a size of 1-2 wm prepared by Teng et al.
had a specific capacity of 120.7 mAh/g at -20°C and 0.1 C (1 mol/L
LiPFs in EC-DMC (the volume ratio of the two is 1:1) as the
electrolyte), which is 95.3% of the capacity at room temperature
[58]. Cheng et al. [59] designed a novel 3D structure of
LisV,(PO4)s@biomorphic carbon that can operate at low temper-
atures (LVP@HPBC). As shown in Fig. 5, after calcination, the
gelatinous layer on one side of the agar was carbonized into a 2D
carbon layer, and the long beard on the other side was converted
into a 1D carbon tube and 0D carbon-coated LVP particles, thus
forming this three-dimensional hybrid structure. The synergistic
effect produced by the combination of OD, 1D and 2D carbon
provides fast ion transport, high conductivity and strong structural
stability of Li3V,(PO,4)s, hence obtaining high low-temperature
capacity (105 mAh/g at -20°C in 1 mol/L LiPFg¢ EC-DMC-EMC (the
volume ratio of the three is 1:1:1) electrolyte).

2.3. Nickel-cobalt-manganese ternary cathode material

Nickel-cobalt-manganese ternary cathode material (NMC)
combines the advantages of LiNiO,, LiCoO, and LiMnO, ternary
layered materials, namely, it has a high reversible specific capacity,
good cycling stability and low toxicity [60-63]. Current research on
low-temperature capacity performance mainly focuses on increas-
ing the diffusion kinetics of Li* by controlling the ratio of three
metal ions (Ni, Co, Mn).
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Fig. 5. The morphology of the LVP@HPBC. Reproduced with permission [59].
Copyright 2017, John Wiley and Sons.

In the layered structure of NMC, Li* has two diffusion paths,
namely, tetrahedral path and oxygen dumbbell path [64,65]. In the
early stage of charging, Li" is inclined to choose oxygen dumbbell
hopping, and tetrahedral position hopping begins to dominate
when the Li* extracted exceeds 1/3, as shown in Fig. 6. In Fig. 6a,
When the Li* diffuses to position 2, the distance between Li and O
atoms will affect the diffusion activation energy of Li*. In Fig. 6b,
the electrostatic interaction of transition metal cations on Li*
influences the work done by the system to transfer Li'.
Consequently, the Li* diffusion kineticsdepend on the Li slab
space and the type and valence state of transition metals. Based on
this, Cui et al. [66] indicated that Li(NigecMng>C092)0, had the
highest diffusion coefficient of Li* and a small dependence on
temperatures, with a capacity of 55mAh/g at 0°C, 5 C. As Ni
content rises in NMC material (532—-622-71515-811), average ions
radius enhances (Ni?* (0.069nm) > Ni** (0.056nm) > Co>"
(0.054nm) > Mn*" (0.053 nm)). However, the increase of Ni
valence will lead to a decrease in the average radius of Ni. These
two conditions restrict each other, and there is an equilibrium
point near 622, which maximizes the space of the Li slab space in
622, thus optimizing the low-temperature capacity property of
NMC.

In NMC, Ni, Co, and Mn have an obvious ternary synergistic
effect, and each has its advantages and disadvantages [67]. The
Mn3*#* band lies above the Ni>*/3* band, and Mn>* tends to be
oxidized to Mn** during the synthesis process by reducing Ni>* to
Ni?* [68]. Thus, Mn** helps to incorporate Ni as a stable Ni%* into
NMC and is used as a structural stabilizer without participating in
the charge-discharge processes. However, Mn readily migrates
into the lithium plane due to the smaller octahedral site stability

° Mn(or Ni, Co)

Fig. 6. (a) Tetrahedral position pathway (b) and oxygen dumbbell pathway for Li*
diffusion in NMC layered structure. Reproduced with permission [66]. Copyright
2016, John Wiley and Sons.

energy (OSSE) (Co®* (-2.13 A,) > Ni®* (-1.35 A,) > Mn>* (-0.42
A,)), which changes the crystal structure from a layered to a
spinel structure and leads to a significant reduction in capacity. In
contrast, Co does not occur such migration and can effectively
keep the layered structure in a steady state due to the large
OSSE. But the disadvantage of Co is that it is expensive and
harmful to the environment. The properties of Ni are between
Mn and Co (Table 2), which can both increase the capacity of
the material and stabilize the structure [68,69]. Yoon et al. [70]
also showed that the high nickel content in NMC can greatly
increase the low-temperature capacity of NMC. The capacity of Li
(Ni0V85C00_075MI’10_075)02 is 1274 mAh/g, while Li(Ni]/3CO]/3MH]/3)
0, is 76.8 mAh/g at -20 °C and 0.2 C (both are in 1.2 mol/L LiPFg EC-
EMC (the volume ratio of the two is 3:7) electrolyte).

2.4. Li-rich cathode materials

The Li-rich cathode materials xLi,MnO5-(1-x)LiMO, (M = Ni, Co,
Mn) (LLR) are more attractive than existing commercial cathode
materials due to their higher specific capacity (more than 250
mAh/g, 4.6V) and low cost [71,72]. The high discharge specific
capacity of LLR benefits from their unique structural components,
namely layered Li;MnOs; and MnO, [73]. When the charging
potential is 4.5 V, Li;MnOs is activated [74]. Meanwhile, Li* escapes
from the lithium layer and produces O vacancies, and forms MnO,
subsequently. Therefore, a delithiation and deoxygenation plat-
form is created to increase capacity. At present, the research on its
low-temperature performance is still in the exploration stage, and
the improvement methods mainly include controlling component
content and surface coating.

In 2014, Qiu et al. [75] explored the low-temperature properties
of Li[Li0'144Ni0'135C00'135Mn0.544102. The results showed that the
initial coulombic efficiency decreased from 91.5% to 74.2% with the
applied charging/discharging temperature from 50°C to 0°C,
which indicated that the charge and discharge asymmetry of the
LLR increased as the temperature decreased. Furthermore, through
the analysis of the dQ/dV curves, it was found that the peak at
around 3.3V obviously relied on the temperature, and the peak
was assigned to the reaction process in which Li* was embedded
into MnO, component. This means that the process of lithium re-
intercalation into MnO, derived from the Li,MnOs; component is an
important reason for the degradation of the low-temperature
properties of LLR. Similarly, Yu and co-workers also indicated that
the content of Li,MnOs (x) had a certain effect on the low-
temperature performance of xLi;MnOj3-(1-x)LiMny;3Nij;3C01302,
mainly the electrical conductivity [76]. x=0.3 ameliorated the
layered structure of the compound and reduced the mixing of Li*/
Ni" cations to a minimum, thus the composite material exhibited
the largest conductivity (4.36 x10°® S/cm). In addition to
regulating the composition of Li;MnOs, Kou et al. [77] pointed
out that trace Co could reduce the sensitivity of LLR to temperature.
As shown in Fig. 7, compared with other contents, the reduction
peak of Ni** or Co** at 3.85 V of the sample with high Co content is
hardly affected by temperatures. This means that trace amounts of
Co can reduce the charge transfer activation energy at low
temperatures by promoting the interface reduction reaction of Ni**

Table 2
Comparison of the characteristics of Mn, Co and Ni in NMC. Reproduced with
permission [68]. Copyright 2020, Springer Nature.

Parameter Trend

Chemical stability Mn > Ni > Co
Structural stability Co > Ni > Mn
Electrical conductivity Co > Ni > Mn
Abundance Mn > Ni > Co
Environmental benignity Mn > Ni > Co
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Copyright 2015, American Chemical Society.

or Co**, thereby optimizing the low-temperature performance of
the LLR (the capacity retention rate of Li; ;Nig>_xC02xMngg_xO> at
x=0.05 is 17.3% higher than x =0 at -20°C and 0.1 C (1 mol/L LiPFg
in EC-EMC (the volume ratio of the two is 1:1) as the electrolyte).

Surface coating can enhance the low-temperature capacity of
LLR to some extent. Zhao et al. [78] showed that coating AlFs3
provided a feasible method for the application of low-temperature
LLR. Firstly, the dense AlFs layer builds fast Li* transport channels
for adjacent active materials and reduces the side reactions
between the electrolyte and the active materials. Secondly, AlF3
promotes electrochemical performance by changing the working
voltage of LLR. The coating of AlF; enables the sample to form an
oxidation peak at 2.8 V that does not exist in the pure sample, thus
forming the spinel structure on the surface of LLR. And the electron
migration rate in the spinel structure is higher than that in layered
structure [79], which is beneficial to charge transfer reaction.
Finally, the presence of LiAlO, enhances the diffusion kinetics of
Li*. The Li1‘2Niol13C00_13Mn045402 coated with 2% A1F3 Coating
prepared by this research group displayed a higher discharge

capacity than the original sample at low temperatures (161.9
mAh/g vs. 144.1 mAh/g at -10°C, 109.3 mAh/g vs. 54.9 mAh/g at
-20°C (0.1 Q)).

2.5. LiMn,04 cathode material

The spinel structure of the LiMn,04 cathode material has the
advantages of non-toxicity and low cost due to the absence of Co.
Nevertheless, the Jahn-Teller effect can cause the phase transfor-
mation of LiMn,0,4 (cubic system-tetragonal system) and induce a
large change in the volume during the cycling process, thereby
reducing the capacity of the LiMn,04 [80,81]. In the process of the
discharge, Mn?* and Mn*" produced by the disproportionation
reaction of Mn ions (2Mn>" = Mn?* + Mn*") are easily soluble in the
electrolyte, leading to the reduction of cathode active materials
and the attenuation of capacity. The low-temperature performance
of LiMn,04 has been rarely reported. Shen et al. [82] investigated
the phase transition in spinel LiMn,0,4 by using powder synchro-
tron radiation diffraction. The study showed that doping Co in the

Table 3
Low-temperature capacity of different anode materials.
Methods Anode materials Temperature Current Capacity after Capacity without Ref.
(°C) density modification modification
© (mAh/g) (mAh/g)
Surface oxidation MCMB -40 0.2 100 - [93]
Surface coating Graphite@Sn -30 0.2 152 1 [96]
LisTis04,/C (sucrose) -20 1.0 119 108 [112]
Doping Sn doped graphite -30 0.2 94 1 [96]
Nano-Sn doped graphite -20 0.2 130 < 10 [99]
Fe-added Fe;C carbon nanofibers -15 400 mA/g 250 <20 [100]
Structural design Peapoded LisTisO12 nanoparticles -25 10 157 61 [113]
Mix multiple Porous graphite nanosheets (PGN) and -40 0.1 180 ~0 [101]
mechanisms carbon nanotube (CNT)
Multiple phase N-doped TiO, nanotubes -20 0.1 Alg 211 - [120]
/TiN/graphene nanocomposites
Pre-lithiation Prelithiated hard carbon —40 0.25 439 - [102]
Particle size reduction 22 m?/g — 7 m?/g (Li4Tis012) -20 1.0 110 ~84 [111]
Full battery Silicon/LiNip gC0015Al0 050> lithium-ion —40 0.1 ~530 - [126]

pouch cells
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[Mn,04] framework could increase the average valence state of
Mn, reduce the concentration of Mn>*, and play a role in
suppressing Jahn Teller distortion. Elia and co-workers explored
the low-temperature performance of a full battery (LiNig sMn; 504/
Sn-C) [83]. The study not only pointed out that the sudden drop in
battery capacity in cold temperatures is due to the cold accelerates
the polarization of the electrode and seriously hinders the Li-Sn
alloying process. And it also showed that this specially configured
battery had a higher low-temperature capacity, which is 105
mAh/g (75% of theoretical value) after 200 cycles at —5 °C and 0.25
C in 1 mol/L LiPFg EC-DEC-DMC (1:1:1) electrolyte.

3. Methods for enhancing the low-temperature capacity of
anode materials

The anode material of a LIB is usually accompanied by the rapid
increase of R and the difficulty of Li* embedding during the low-
temperature charge-discharge processes [4,11]. In that case, the
anode polarization is serious and a large amount of metal lithium
precipitates on the surface [84]. This metal lithium easily reacts
with the electrolyte to form non-reactive sediment, which leads to
the decrease of Li* concentration in the electrolyte and the
attenuation of the capacity. In this review, anode materials are
divided into carbon and non-carbon materials to discuss optimiz-
ing methods (Table 3).

3.1. Carbon materials

Graphite is the most commonly used carbon anode material for
LIBs under subzero temperature conditions. In cold environments,
the poor lithium intercalation/deintercalation ability of graphite is
related to the high R at graphite electrode interface, the lowered
Li* diffusion capability within graphite layers, and the instability of
the solid electrolyte interface (SEI) film [9,85,86]. Furthermore, the
graphite electrode has a low operating voltage (less than 0.2V vs.
Li/Li"), which can easily structure a lithium coating and causes
serious safety issues, especially at low temperatures [87,88].
Heretofore, the low-temperature performance is mainly optimized
by surface oxidation, surface coating, doping, mix multiple
mechanisms, and pre-lithiation.

There is a given number of dangling bonds and groups on the
graphite surface, and the carbon-hydrogen bonds block Li* from
intercalating into the graphite structure to inhibit the lithium
storage process [89]. The surface oxidation can convert the carbon-
hydrogen bond into a carboxyl group, and the lithiated carboxyl
can form a lithium salt on the electrode surface and act as a
component of the SEI film, thereby increasing the lithium content
in the SEI film and reducing the impedance (illustrated in Fig. 8).
Simultaneously, the oxidation process also produces nanochannels
and micropores, which can serve as reversible lithium storage sites
to promote the insertion/extraction of Li* [90,91]. Mao et al. [92]
reported that K,FeO,4 oxidation formed some mesoscopic channels
on the graphite surface, which promoted the infiltration of
electrolyte and graphite. Whereby, the charge transfer impedance
and the diffusion impedance were reduced, as shown in Fig. 9. Zhao
et al. [93] demonstrated that oxidation modification raised the
average interlayer distance of Mesocarbon Microbeads (MCMB)
and promoted Li* insertion Kkinetics, which extraordinarily
ameliorated the capacity of MCMB at -40°C (100 mAh/g, the
original MCMB has almost no capacity at —40°C and 0.2 C).

The low-temperature properties of graphite materials are
improved after surface coating, which may be caused by (1)
stabilized the SEI film [94]. Defects on the graphite surface are
likely to cause the SEI to rupture, which leads to the reaction
between graphite and electrolyte and accelerates the stripping of
graphite structure. The coating can be adsorbed on the defective
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position and cover it to improve the stability of the SEI. (2) The
coating of metal or metal oxide can greatly lower the resistance
between graphite particles and heighten the intercalation dynam-
ics of Li* [95]. Nobili et al. [96] used tin-coated graphite as the
anode. Compared with the uncoated material, the SEI resistance
and R.; were reduced by 3 and 10 times at -20 °C and 0.2 C (1 mol/L
LiPFg EC-DEC-DMC (1:1:1) as the electrolyte). It showed that tin
coating reduced the polarization of the battery in a cold
environment. Friesen et al. [97] announced that a small amount
of surface coating of Al,03 fully prevented the obvious risk of
lithium metal deposition.

The doping of metal nanoparticles can improve the desolvation
of Li* and enhance the internal conductivity of carbon materials,
thus increasing low-temperature capacity [98]. The excellent low-
temperature performance of the Sn doped oxidized graphite
electrode was ascribed to the increase in the internal conductivity
of the metal-dispersed powder electrode (94 mAh/g at -30 °C and
0.2 C in LiPFg 1 mol/L in EC-DEC-DMC (1:1:1) electrolyte) [96].
Similar to it, Yan and co-workers synthesized a Sn/expanded
graphite (Sn/EG) composite material with a close-packed layered
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structure [99]. And the experimental results showed that as the
temperature decreased, the R of Sn/EG increased less rapidly than
graphite and exhibited faster Li* intercalation kinetics, which
helped to improve low-temperature capacity. At -20°C in 1 mol/L
LiPFg EC-DMC (the volume ratio of the two is 1:1) electrolyte, the
capacity of Sn/EG is 130 mAh/g was better than graphite (< 10
mAh/g). Li et al. [100] designed a Fe-doped FesC carbon nanofiber
composite, which showed a high capacity of 250 mAh/g after 55
cycles at —15°C and 400 mA/g in 1 mol/L LiPFg EC-EMC-DMC (the
volume ratio of the three is 1:1:1) electrolyte. The introduction of
Fe enhances the conductivity of FesC and reduces the polarizability
of the electrode surface.

In addition to the above methods, preparing composite
electrodes and pre-lithiation can also improve the low-tempera-
ture capacity of graphite. Xu et al. [101] developed a novel
electrode composed of carbon nanotubes and thin graphite sheets
with holes. The holes in the graphite nanosheets facilitated the
transport of Li* and the CNT prevented the restack of graphite
sheets, thus improving the low-temperature performance (180
mAh/g at -40°C and 0.1 C in 1 mol/L LiPFs EC-EMC-DMC (the
volume ratio of the three is 1:1:1) electrolyte). Liu et al. [102] built a
LIB with an outstanding low-temperature performance by an
ordinary pre-lithiation strategy. The initial Li* extracted from
LisV5(POg4)3 was used to pre-harden hard carbon. The self-formed
LizV,(PO4)s was used as the cathode and the pre-lithiated hard
carbon as the anode to form 4 V LIB with a high capacity retention
rate of over 67% at —40 °C, which was much better than traditional
LIBs.

3.2. Non-carbon materials

Up to now, there has been less research on the low-temperature
operation of non-carbon anode materials, mainly including
Li4sTisO4,, Rutile-TiO, and Si-based materials. The methods for
enhancing the low-temperature capacity of these three anode
materials are summarized below.

The spinel-type Li4TisO1, is a potential anode material for LIBs
[103]. Compared with graphite anode materials, Li4TisO1, has good
Li* intercalation/deintercalation reversibility and displays no
structural transition during the cycle [104,105]. Furthermore, it
possesses a high working voltage of 1.55V (vs. Li/Li*), which can
stay away from the formation of lithium dendrites and partly
ensure the security of LIBs [106-108]. Nevertheless, its poor
electronic conductivity (< 1073 S/cm) and sluggish Li* diffusion
coefficient (10°~10"'3 cm?/s) severely limit its electrochemical
kinetics, particularly at low temperatures [109,110]. At present, the
low-temperature capacity is mainly improved by reducing particle
size, surface coating and structural design. Pohjalainen et al. [111]
researched on the low-temperature property of two different sizes
of LisTisOq5 (~150 nm vs. ~225 nm) and showed that small particle
size and large surface area were beneficial to the capacity (110
mAh/g vs. 84 mAh/g at -20°Cand 1 Cin 1 mol/L LiPFg EC-DMC (the
volume ratio of the two is 1:1) electrolyte). The small particles
form secondary aggregates with a larger specific surface area (22
m?/g vs. 7m?/g), which not only increases the tap density of
Li4Tis045 (970 g/dm? vs. 670 g/dm?) but also promotes the lithium
insertion/extraction process. Yuan and co-workers demonstrated
that the capacity of sucrose-coated LisTisOq> (LisTisOq,/C) (119
mAh/g) was higher than the original LisTisO;> (108 mAh/g) at
-20°Cand 1 Cin 1 mol/L LiPFg EC-DMC (the volume ratio of the two
is 1:1) electrolyte [112]. This is since the carbon coating averts the
direct contact of LisTisO,, with the electrolyte and improves the
compatibility. As a result, the impedance of Li4TisO, is signifi-
cantly reduced and the diffusion rate of Li" is increased, as shown in
Table 4. Peng et al. [113] designed a novel peapod-like LisTisO1;
composite architecture with excellent low-temperature

Table 4
Impedance parameters of Li4TisOq, and Li4TisO1,/C. Copied with permission [112].
Copyright 2010, Elsevier.

Temperature (°C) Ry () Rs () Ry () D (cm?/s7!)
LigTisO012 25 6.0 453 2.0 28 %1013
0 8.5 358.6 10.9 23x10 "
-10 16.3 1208.0 4.1 64x10°"
-20 56.4 2943.0 23 33 %1016
Li,TisOp/C 25 35 50.9 45 24x10° 13
0 8.0 144.9 12.6 3.0x10
-10 143 347.9 20.5 1.7 x10715
-20 22.0 9934 39.2 28x10°16

performance. Fig. 10 schematically illustrates that the synergy
effect between the active-material core and the carbon fiber shell
improves the kinetics of Li*. The internal Li,TisO;, nanoparticles
with a diameter of 20—30 nm shorten the diffusion path of Li* and
lower the resistance. The external core-shell connects LizTi5O1>
nanoparticles to further enhance the conductivity of lithium ions
and electrons. For this reason, Li4TisOq, in 1 mol/L LiPFg EC-DEC
(the volume ratio of the two is 1:1) electrolyte showed a higher
coulomb efficiency of ~99% after 500 cycles at -25°C and 10 C.

Rutile-TiO, is an alternative material for carbonaceous anodes
with high capacity (335 mAh/g), low cost, non-toxic and other
characteristics [114]. The optimization method of low-temperature
capacity is mainly a mixture of multiple mechanisms. At room
temperature, it is difficult to insert lithium into bulk rutile, but it
can be partially inserted in nano-scale rutile material [115,116].
There are two different paths for the insertion/extraction of Li* in
rutile-TiO,, showing a high anisotropy (along the ab-plane (Dy;.
=10""cm?/s) and via the c-axis (Dy-=10"°cm?/s)) [117,118].
Marinaro et al. [119] proposed that high-surface nano-sized rutile
TiO, (180 m?/g) had a high low-temperature capacity (77 mAh/g)
inside a potential window of 0.1-3V at -40°C and 0.2 C (1 mol/L
LiPFg in EC-DMC-DEC (the volume ratio of the three is 1:1:1) as the
electrolyte). It can be seen that TiO, is a promising low-
temperature non-carbon anode material. Li et al. [120] designed
an N-doped TiO,/TiN/graphene multiple-phase composite using a
variety of mixing multiple mechanisms, which exhibited a high
reversible capacity at low temperatures (211 mAh/g at -20°C and
0.1 A/gin 1 mol/L LiPFg EC-DMC (the volume ratio of the twois 1:1)
electrolyte). The reasons are as follows: (1) TiO, nanotubes
promote the diffusion kinetics of Li* by shortening the path. (2)
The introduction of N and TIN increased the conductivity of the
TiO,. (3) The large specific surface area of the graphene sheets
promotes electron transfer by reducing the resistance between
TiO, nanotubes.

Other than two intercalation-type anodes, the alloy-type
silicon-based anode materials are also used in low-temperature
applications. Silicon-based anodes are gradually replacing current
commercial graphite anodes due to the high specific capacity of
silicon (Lig 4Si is 4212 mAh/g) [121,122]. However, the material will
undergo a huge volume expansion during the alloying process,
resulting in a sharp decline in capacity [123,124]. Markevich et al.

Nowvel Li Tig0y; fcarbon Mesoporous carbon shell
with nano-sized

Fig. 10. Electron-transfer pathways of the peapod-like LisTisO;, composite.
Reproduced with permission [113]. Copyright 2016, Royal Society of Chemistry.
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[125] compared the cycle performance of graphite composite
anode and silicon anode in 1 mol/L LiPFg FEC-DMC (1:4) electrolyte
and studied the low-temperature capacity performance of
amorphous monolithic columnar silicon anode. The capacity of
the silicon anode hardly decreases in the range of -20 °C to -30 °C.
Subburaj et al. [126] developed and tested a 1 Ah lithium-ion pouch
battery with silicon as the anode and LiNipgCoq15Alp 050> as the
cathode. At -40 °C in 1 mol/L LiPFg EC-DMC-DEC (the volume ratio
of the three is 1:3:1) electrolyte, the cell still retains 50% of the
initial capacity after 60 cycles (C/15 charge and C/10 discharge
rate). These reports prove that silicon-based materials are very
attractive anode materials for low-temperature LIB, but further
improvements are needed to improve low-temperature perfor-
mance.

4. Conclusion and prospective

The low-temperature performance of LIBs is a critical factor
restricting the application and the low-temperature capacity of
cathode and anode materials plays a decisive role. Throughout all
studies, reducing the particle size, surface coating and doping have
a general mechanism of action in enhancing the low-temperature
capacity for various electrode materials. The smaller particle can
significantly shorten the diffusion path distance of Li* and improve
the lithium insertion/extraction process. Surface coating is
beneficial to improve the surface conductivity of electrode
materials and reduce contact resistance. Doping can form
vacancies in the lattice structure and broaden the ion diffusion
channel to promote the mobility of Li* and electrons in the
material. By summarizing, it is found that non-carbon anode
materials show a higher low-temperature capacity than carbon
materials. However, there are few studies on them, so research
should be strengthened in the future. In addition to continuing to
modify the existing materials to reduce the diffusion resistance of
Li*, some electrode materials with excellent conductivity and short
Li* diffusion distance can also be developed to decrease the
reduction of capacity caused by low temperature. In the end, we
should also pay attention to the overall optimization of the battery
system, that is, the correct matching of cathodes and anodes, so
that the low-temperature performance of the battery can be
further increased.
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