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With the highest energy density ever among all sorts of commercialized rechargeable batteries, Li-ion
batteries (LIBs) have stimulated the upsurge utilization in 3C devices, electric vehicles, and stationary
energy storage systems. However, a high performance of commercial LIBs based on ethylene carbonate
electrolytes and graphite anodes can only be achieved at above -20 °C, which restricts their applications
in harsh environments. In this review, we provided a comprehensive research progress and in-depth
understanding of the critical factors leading to the poor low-temperature performance of LIBs, sorted out
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the distinctive challenges on the anodes, electrolytes, cathodes and electrolyte-electrodes interphases,
with a special focus on Li-ions transport mechanism therein. Finally, promising strategies and solutions
for improving low-temperature performance were highlighted to maximize the working-temperature
range of the next-generation high-energy Li-ion/metal batteries.
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1. Introduction

Li-ion batteries (LIBs) with high energy/power density, long lifespan, environmental friendliness, and
technological maturity have monopolized energy storage areas (such as 3C devices, electric vehicles
(EVs)) after 30 years’ rapid development.[*”! Despite of the significant advances, the issue of decayed
performance of LIBs at low temperatures pops out, which becomes one of the main obstacles to
restrict their applications at high altitudes or latitudes, and certain defense and space applications
(Figure 1a).1>® Once the temperature drops to -20 °C or lower, most commercial LIBs based on
ethylene carbonate (EC) electrolytes suffer from severe capacity and energy loss due to significantly
decreased ionic conductivity, sluggish interfacial charge transfer kinetics, and slow Li* transport in SEI
and inside electrodes. For a typical Panasonic 18650 Li-ion cell (Figure 1b), only ~5% of energy density
can be retained at -40 °C, let alone the power density under low temperatures.”® Even worse, some
prototype 18650 Li-ion cells cannot work at all because of the solidification of electrolytes at such a
low temperature.l*” Compared with other commercial batteries such as nickel-metal hydride (NiMH)
batteries and Lead-acid batteries, LIBs based on graphite anodes suffer from more serious loss of
energy and power density at the low temperature of below -30 °C.®! Besides, Li dendrites, which are

easily formed during low-temperature charging, can bring about some safety concerns.

To enable the proper function of LIBs at low temperatures, internal or external thermal
management systems are usually used in most LIBs-powered systems.[**13] A typical example is the
application of radioisotope thermal generators (RTGs) in 2004 Mars Spirit and Opportunity rovers,
which supported the normal operation of the battery packs under the ultra-low temperature of -100
°C on Mars.*¥ Given the additional cost, system complexity, and reduction in energy density, novel
strategies for LIBs against low-temperature without functional accessories are highly appealed.
Exciting is that significant advances are being achieved recently with a landmark energy density of
~140 Wh kg™ at an extremely low temperature of -60°C (Figure 1c).[*>*® |n light of these achievements
in the performance, mechanisms and design principles of the low-temperature high-energy Li-
ion/metal batteries, a critical and comprehensive review on this rapidly evolving area deems necessary
and urgent. In this work, we first classified the substantial issues in the cell operation, and then tried
to figure out the rate-limiting steps and underlying mechanisms on the poor low-temperature

electrochemical performance. In the following section, we discussed the recent breakthroughs in
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electrolytes, electrodes and cell configurations, and finally examined how these factors together
determine the low-temperature chemistries. Considering the significant advances in high-energy Li

metal batteries (LMBs) in the past five years, the discussion on low-temperature LMBs is also covered.

Figure 1d summarized the typical issues that restrict the electrochemical performance of LIBs at
low temperatures: (1) the decline of the wettability and ion conductivity of liquid electrolyte resulting
from its increased viscosity or solidification block the ion transport in electrolyte; (2) the increase of
intrinsic grain-boundary resistance and sluggish Li* diffusion within electrodes suppress the
(de)lithiation reactions; (3) difficult Li* desolvation and slow transport through solid electrolyte
interphase (SEl) together with large charge-transfer resistance reduce battery kinetics; (4) severe Li

plating on anode under low-temperature brings some safety concerns.*”**!
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Figure 1. (a) Wide range of potential applications of LIBs under low-temperature external
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environments from above -20 to lower than -100 °C (b) Comparison of energy/power density of typical

commercial batteries operated at 25, -20, and -30 °C. (c) Development on energy density for LIBs or
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LMBs operated at low temperatures. The solid and dash lines represent the achievement of energy
density at ultra-low temperatures of < -60 °C for LIBs and LMBs, respectively. The data were obtained
from Ref.121>1620-251 () Schematic of a typical LIB consisting of layered oxide cathode, graphite anode,

and electrolyte, as well as the limiting factors for low-temperature operation.
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1.1 Limiting process for low-temperature performance

To address the abovementioned challenges, designing novel electrolytes catering to the needs of low-
temperature circumstances is a prerequisite for cost-efficient and safe Li-based batteries. Since the
1990s, EC with high dielectric permittivity (g, 89.78 at 25 °C) and good capability to passivate the
graphite anodes has been regarded as an indispensable component of electrolytes for LIBs.?%! The
addition of acyclic carbonate or carboxylic esters, such as dimethyl carbonate (DMC), ethyl methyl
carbonate (EMC), or diethyl carbonate (DEC), reduces the viscosity of electrolytes and improves the

overall ion transport kinetics in batteries.?728!

The challenges for low-temperature batteries are how to achieve a high capacity without Li
plating to ensure a long cycle life. The viscosity of electrolytes would increase with the dropping of
temperature and electrolytes are even frozen due to relatively high melting points of carbonate
solvents (e.g., ~10 °C for EC/DMC 1:1 by mole?), which leads to a sharp decrease in ionic
conductivity.?% To ensure the normal function of LIBs at low temperatures, novel electrolytes should
satisfy additional requirements: (1) keep the liquid state in a wide temperature range, e.g., -80 to +60
°C; (2) maintain an acceptable ionic conductivity (at least 0.1 mS cm™) at low temperatures;3% (3) form
stable SEl/cathode-electrolyte interphase (CEl) with low interfacial resistance in the whole operating

temperature range.

When electrolytes could meet the above requirements, kinetic issues in the interior and/or
surface of electrodes would probably turn up in defining the low-temperature properties of LIBs.3?
For example, as shown in Figure 2a and b, the lithiation process of graphite was relatively difficult
even at a very low current density (5.4% and 42.3% of discharge capacity retention for graphite and
coke at 0.0095 mA cm, respectively), although the delithiation process for graphite was achievable
at -40 °C (87% and 86% of charge capacity retention for graphite and coke, respectively). Huang et
al.?¥ ascribed the distinct low-temperature performance to the Li* diffusivity discrepancy of 10t cm?
s for graphite vs. 10° cm? s for coke. Using electrochemical impedance spectroscopy (EIS) and
galvanostatic intermittent titration (GITT) techniques, Wang et al.®¥ revealed that the higher
polarization in the lithiation process of graphite restricts the Li* insertion to only Lio»Cs (vs. LiCs at room

temperature, RT), leading to a low capacity at -30 °C (Figure 2c). In the lithiation process, the Li-rich
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phase would cover the Li-poor phase (LiosCs on Lio33Cs or LiCs on LiosCs). The increased diffusion
distance of Li* impedes the progress of further lithiation. When the LiCs phase appears and covers the
LiosCes phase, the Lio33Cs core still exists in the electrode due to sluggish kinetics. The coexisting of
different phases at a certain state of charge (SOC, the level of charge of an electric battery relative to
its capacity) and discharge results in the asymmetry of Li* diffusivity in graphite (Figure 2d) and the

increase in reaction impedance.%34
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Figure 2. The comparison of charge (a) and discharge (b) profiles of Li| | graphite half-cell running at RT
and -40°C. The insert image in (a) is a schematic diagram of the Li* diffusion during Li (de)intercalation.
The insert image in (b) is the performance comparison of coke with various sizes at various
temperatures (20, -20, -30 °C). (a) and (b) Reproduced with permission.? Copyright 2000, The
Electrochemical Society. (c) Open-circuit potential vs. Li content for graphite half-cell running at RT and

low temperature (-30, 25 °C). Reproduced with permission.®¥ Copyright 2002, The Electrochemical
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Society. (d) The comparison of diffusion coefficient during (de)lithiation process of graphite from a

temperature range of -40 — 40 °C. Reproduced with permission.** Copyright 2002, Elsevier.

Besides the diffusion issues within the graphite anode, the high interface resistance associated
with Li* desolvation and transport in SEl, and charge transfer also restricts the reversibility at low
temperatures. In the commercial cells consisting of graphite anode, layered oxide cathodes and
carbonate electrolytes, the charge transfer resistance (R«) increases fastest among all three parts of
cell resistances as temperature decreases (Figure 3a-d),’?"! while little change occurred in cathode
structure at low temperatures.?>*®! As shown in Figure 3e, multi-steps, i.e. Li* desolvation, Li* migration
through SEI, etc., could be tentatively separated in the Li* intercalation process.”3® Lj et al.[394C]
revealed that the Li* desolvation process is the rate-controlling step at low temperatures instead of Li*
through the SEI or diffusion in electrode materials using the cell-components switching method.
LisTisO1, (LTO) anode with a relatively high intercalation potential (~1.5 V vs. Li/Li*) is generally
considered to be within the electrochemical window of carbonate-based electrolytes and therefore
free from the SEl-forming process.*!! Thus, as Equation (1)-(3) demonstrate, LTO| | LTO symmetric cells
are ideal for examining the effect of desolvation at low temperatures without the interference from
SEl resistance. Compared with LiNiosC00.15Al0.0s02 (NCA)||[NCA and graphite| |graphite cells, the

LTO| | LTO symmetric cell should only exhibit the resistance of Li* desolvation in the semicircle of EIS

results.

Rnca/nea = Ret + Reerof nea + Rdesolvation + Rb (1)
Rgraphite/graphite = Rct + RSEI of graphite + Rdesolvation + Rb (2)
Riro/ito = Ret + Raesolvation + Rb (3)

However, the three symmetric cells presented almost identical impedance at -40 °C (Figure 3f),
indicating that Li* migration through SEl isn’t the rate-determining step at low temperatures or SEI still
exists on LTO. Since LTO| |LTO cells with different electrolytes exhibited distinct R values due to the
differences in solvation structures (Figure 3g), the stripping of the solvent sheath from Li* at low

temperatures did play a critical role in the rapidly increased R.: (becoming predominant below -20 °C).
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In the conventional EC-based electrolytes, the calculated activation energy barrier for Li* desolvation
on LTO surface falls in the range of 52+3 kJ mol?, while the overall energy barrier at

graphite/electrolyte interphase is calculated to be 60-70 kJ mol™.[443] These results quantitatively

@ confirmed that Li* desolvation is the rate-limiting step during lithiation at low temperatures.
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Figure 3. (a) Nyquist plots of charged Li-ion, lithiated graphite/graphite, and delithiated
cathode/cathode cells at 20 °C. (b)-(d) A comparison of the temperature dependence of three kinds
of resistances (Rs, Rs, Ret). The dash line represents the resistance of electrolytes calculated from the
ionic conductivity. (a)-(d), Reproduced with permission.?] Copyright 2003, Elsevier. (e) Schematic of
Li* movement from the electrolyte into the layers of graphite, including desolvation and migration
processes. Reproduced with permission.'* Copyright 2007, American Chemical Society.Comparison
of EIS results derived from (f) symmetrical batteries with NCA, graphite, and LTO electrodes using E9
electrolyte (1.0 M LiPFs EC/PC/EMC (1:1:8 by wt.) + 0.05 M CsPFe) at -40 °C, and (g) LTO| |LTO cells
with different carbonate electrolytes (EC/PC/EMC with different weight ratios (E1: 5:2:3; E2: 4:2:4;
E3: 3:2:5; E4: 2:2:6; E5: 1:2:7; E9: 1:1:8) containing 1.0 M LiPFgsand 0.05 M CsPF¢) at -40 °C. The insert
image in (g) is the zoom-in at a low resistance area. (f) and (g), Reproduced with permission./*”

Copyright 2017, American Chemical Society.
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The high tendency of Li plating is another thorny problem when LIBs operate at low temperatures or
high rates.[***’! The potential for Li* intercalation into graphite is close to that for lithium plating
(within 100 mV vs. Li/Li*).1*! Once the overpotential of LIBs oversteps this potential gap, the Li* tends
to be reduced on the surface of graphite rather than intercalated into its layers due to the lower
nucleation barrier.’®47->! The plated Li could induce a series of parasitic reactions, generating thicker
SEl and leading to “dead” lithium, which would severely consume the limited recyclable lithium in
cells. More lethal is the formation of Li dendrite and the serious safety risks it brings. Ge et al.>!
analyzed the amount of plated metallic lithium in graphite| |LiNii3Co1/3sMny/302 (NCM111) cells at
different SOCs and temperatures through nuclear magnetic resonance (NMR). The results indicated
that Li plating could occur even at SOCs lower than 10% at -20 °C/1.5 C (Figure 4a and b). Before the
Li* concentration near the graphite surface is saturated, the potential at the active material particles
could drop below the lithium plating potential (Figure 4c). Gao et al.? designed a Li*-graphite system
with a single highly oriented pyrolytic graphite (HOPG) as the working electrode and in situ observed
the dynamics of Li intercalation, plating, as well as the phase transition of HOPG along with its voltage
changes (Figure 4d). Limited by the sluggish Li* diffusion within the graphite particle, Li* tends to
congest on the surface of graphite, blocking the subsequent entry of Li* and leading to Li plating on

graphite directly (Figure 4e).
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Figure 4. (a) Lithium plating ratio for charging at 1.5 C and low temperatures of -25 °C and -20 °C, (b)
the simulated currents for plating reaction, intercalation reaction, and the total reaction at -25 °C at
different SOCs and (c) the simulated over-potential of plating reaction at the anode-separator
interface at different SOCs when charged at -25 °C in graphite| [INCM111 cells. (a)-(c), Reproduced
with permission. from ref.’Y Copyright 2017, The Electrochemical Society. (d) Voltage profiles of Li*
intercalation and Li plating of HOPG and the corresponding images of the edge plane of a HOPG
particle at lithiation state 6, (e) the distribution of Li concentration in graphite based on phase
separation model. 1, 2, 3L, 1L are four different lithiation phases of LixCs from high to low lithiation
degree. The typical three potential plateaus during the lithiation of graphite occur in the phase
transition between two consecutive phases of these four phases. (d) and (e), Reproduced with

permission.? Copyright 2021, CellPress.

It is generally believed that the improvement of the LIBs’ low-temperature performance requires
comprehensive consideration of various aspects such as electrolytes, electrodes, and battery
structures. To maximize the low-temperature electrochemical performance of the LIBs, electrolytes
with broadened liquid range and high ionic conductivity, which could ideally couple with the anodes
and cathodes, are the prerequisite. These electrolytes should possess low Li-ion desolvation energy

and good film-forming ability with low resistance.
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2. Low-Temperature Electrolytes
2.1. Organic solvents for organic low-temperature electrolytes

To increase the ionic conductivity of electrolytes at low temperatures, early research focused on
reducing the freezing point and viscosity of electrolytes by adding co-solvents or additives into EC-
based electrolytes. Smart et al.>3 reported that the equiproportionally ternary mixture of EC, DEC, and
DMC containing 1 M LiPFs provided a conductivity of about 1 mS cm™ at -40 °C, ~10% higher than
EC/DMC or DEC binary mixture, which contributes to more efficient Li intercalation-deintercalation at
low temperatures. The graphite| | LiCoO, (LCO) cells with EC/DEC/DMC electrolyte realized 85% of the
room-temperature capacity (RTC) at 0.05 C/-20 °C and maintained over 85% of initial capacity after
600 cycles at -25 °C. Plichta et al.?>** reported that the addition of a small amount of EMC could
reduce the freezing point of EC/DMC mixtures without significantly decreasing the ionic conductivity.
Li| | LCO cells with an electrolyte of 1 M LiPFs EC/DMC/EMC (1:1:1 by vol.) reached 52% of RTC at -40 °C.
Although propylene carbonate (PC) is regarded as a co-intercalated solvent for graphite, it is able to
suppress EC crystallization and could be used as a decent ingredient for low-temperature
electrolytes. At -20 °C, LIBs with graphite anode and lithium nickel-based layered oxide cathode
using the electrolyte of 1 M LiPFg PC/EC/EMC (1:1:3 by wt.) held 83% of RTC. To get a full picture of
freezing points of various carbonate mixtures, Ding et al.*®°®! mapped several carbonate binary
liquid/solid phase diagrams, including pairs of the five commonly used carbonates: EC, PC, DEC, DMC,
EMC, and EMC-dimethyl ethylene carbonate (DMEC), EMC-isobutylene carbonate (iBC). Figure 5a
displays a typical phase diagram between DEC and DMC mixture, and Figure 5b shows the phase
behavior of EC/EMC mixture after adding different amounts of LiPFs. These phase diagrams indicate
that the pairing of carbonates with different freezing points and molecular structures is more likely to
broaden the liquid range and paves the way to accurate modeling of DMC-EC, DMC-PC, and EC-PC

binary systems.[!

Apart from these binary systems, ternary and quaternary carbonate solvents were investigated to
further improve the low-temperature performance of LIBs. Smart et al.’® investigated several ternary
or quaternary all-carbonate-based electrolytes, of which the most promising formulations consist of

1.0 M LiPFs EC/DEC/DMC/EMC (1:1:1:2 by vol.) and 1.0 M LiPF¢ EC/DEC/DMC/EMC (1:1:1:3 by vol.)
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(Figure 5c), providing high ionic conductivities of 1.21 mS cm™ and 1.32 mS cm™ at -40 °C, respectively.
With the latter electrolyte, MCMB| | LiNig sC00.,0; cells delivered ~65% of the RTC at -40 °C. At a current
rate of 0.1 C, 8.771 Ah (108 Wh kg?) and 7.555 Ah (84 Wh kg) (charging at RT) were obtained for
SAFT prototype DD-size (9 Ah) LIBs at -40 and -50 °C, respectively. Liao et al.’®! investigated the
performance of LiFePO, (LFP)/C cathode in 1.0 M LiPFs EC/DMC/DEC/EMC (1:1:1:3, vol.) electrolyte,
and found the Li| |LFP/C cells could keep a capacity of 84.8%, 66.9% and 51.3% of RTC at 1 C at 0, -20,
and -40 °C, respectively. The increase of viscosity and solidification at low temperatures tends to
decrease the ionic conductivity of commercial electrolytes, thus leading to the rapid drop of cell
capacity.®” Considering the high freezing point and viscosity of EC solvent, it is rational to develop EC-
lean or even EC-free electrolytes for low-temperature applications. In addition, PC-based electrolytes
have relatively low freezing points, and the addition of film-forming additives could make it possible

for wide-temperature-range applications in existing battery systems.
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Figure 5. A typical binary phase diagram of (a) DEC and DMC, (b) EC and EMC mixtures with various
concentrations of LiPFs. Reproduced with permission.?>*® Copyright 2000, 2001, The Electrochemical
Society. (c) the discharge voltage profiles of MCMB—carbon/LiNipsCo00,0, cells consisting of various
binary, ternary, and quaternary carbonate electrolytes with different solvent ratios at -40 °C.

Reproduced with permission.® Copyright 2003, Elsevier.

To further reduce the viscosity and freezing point of electrolyte, a number of aliphatic esters were
studied as co-solvents for low-temperature electrolytes, such as methyl formate (MF, melting point: -
100 °C), methyl acetate (MA, -98 °C), methyl butyrate (MB, -84 °C), ethyl acetate (EA, -84 °C), ethyl
propionate (EP, -73 °C). Table 1 summarizes the physical properties of these reported solvents. Due
to the low freezing point and high polarity, Ein-Eli et al.®®yl first introduced MF into EC-based
electrolytes. The binary mixtures of MF/EC (e.g., 1:1 and 3:1 by vol.) containing 1 M LiAsFs exhibited
ion conductivities of 5.6 and 8.4 mS cm™ at -40 °C, respectively. Similar enhancement on ionic
conductivity was also observed by using EA and MB as co-solvents.[®? Graphite| |LCO cells with
EC/DMC/EA or EC/DMC/MB-based electrolytes retained more than 80% of the RTC at 0.5 C and -40
°C. Although the introduction of aliphatic esters with low chain lengths such as MA and MF helps to
maintain higher initial capacities at low temperatures (e.g., 92% of RTC for graphite| |LCO cells using
EC/DMC/MA-based electrolytes at 0.2 C and -20 °C), however, the cycle performance was adversely
affected with 33% capacity decayed after 200 cycles.!®® By contrast, EC/DEC/EP (longer chain length)
and EC/EMC/EP-based electrolytes enabled cells to maintain 87-89% of RTC and retain >80% after 300
cycles under the same testing conditions. As the chain length or molecular weight of aliphatic esters
increases, electrolytes with them as co-solvent exhibit less improvement on ionic conductivity but
better surface film-forming capability, which helps bolster up the low-temperature kinetics of LIBs.[*
The poor cycle performance of low-chain length aliphatic esters could be improved by the addition of
hydrocarbon such as toluene (tol).®® The good film-forming capability of tol restricts the adverse
effects of aggressive MA or MF, leading to considerable improvement in low-temperature cycling
performance. Smart et al.®® screened the low-temperature performance of multi-component
electrolytes with the composition 1.0 M LiPF¢ EC/EMC/X (20:60:20 by vol.), where X = methyl
propionate (MP), EP, MB, ethyl butyrate (EB), propyl butyrate (PB) and butyl butyrate (BB). As a

prototype, the MCMB| | LiNixCo:1-xO; cells with the electrolyte containing MP as co-solvent delivered a
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capacity of over six times as much as those with the all-carbonate-based formulations at 0.1 C and -
50/-60 °C. Besides, EA, EP and, EB as co-solvents were reported to improve the low-temperature
performance of 18650-type graphite| |LiMn,04 (LMO) cells.®”? 1.0 M LiPFs EC/EMC/EA (1:1:2 by wt.)
showed an ionic conductivity of 1.7 mS cm™, with which the highest capacity retention of 90% was
achieved at -40 °C. Using EA as a co-solvent, the LTO| |LMO cells passed the U.S. Advanced Battery
Consortium cold rank test at -30 °C.[%®! Recently, it is reported that a high ionic conductivity of 2.48 mS
cm? could be obtained for 1.0 M LiPFe-MP electrolyte even at -60 °C after introducing 10 vol.%
fluoroethylene carbonate (FEC).® The charge transfer kinetics was also facilitated at
lithiation/delithiation process due to the formation of LiF-rich interface layer on both electrodes. As a
result, graphite| |[NCM111 pouch cells showed increased rate performance and decent low-

temperature discharge capacity (109 mAh g* for NCM111 at 0.1 C and -40 °C).

Table 1. Comparison of physical properties of some solvents for low-temperature electrolytes

Freezing Point  Boiling Point [°

Viscosity [mPa Dielectric
Solvents .
[°C] ] s constant
EC 36.4 248 1.93 89.78
PC -48.8 242 2.52 64.92
DMC 4.6 91 0.589 3.107
EMC -53 110 0.648 2.958
DEC -74.3 126 0.753 2.805
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MF -100 32 0.325 8.69
MA -98 57 0.364 6.864
MP -88 80 0.481 6.07
EA -84 77.1 0.423 6.05
EP -73 99.2 0.492 5.717
MB -84 102.8 0.539 5.432
EB -98 121.5 0.639 5.0046
PB -95.2 143 0.832 4.3
BB -91.5 166 0.977 4.39
DME -58 85 0.417 7.55
DOL -95 78 0.588 7.34
TEGDME -45 216 3.31 7.79

16
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DIOX 11.8 101 1.20 2.226
DMSO 18.5 189 2.02 46.64
SF 27.6 285 11.5 44

AN -44 82 0.369 35.95

In addition to the solvents listed in Table 1, a number of novel solvents were also developed
recently for low-temperature applications. Lu et al.’* explored 2,2,2-Trifluoroethyl N-caproate (TFENH)
as a new co-solvent for low and high-temperature applications of LIBs, which increases the ionic
conductivity and reduces the viscosity of electrolytes. A thin and stable SEIl on the surface of graphite
was demonstrated to reduce charge-transfer resistance and improve the cycling stability of LIBs. At a
discharge current rate of 0.2 C, graphite anode with 0.75 M LiPFs EC/EMC/TFENH (15:60:25 by vol.)
electrolyte maintained 92% of RTC at -50 °C."% Liu et al.’* prepared a ternary mixture of 3-(2-
methoxyethoxy) propanenitrile(G1-CN), FEC and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropy! (F-
EPE) with 1 M LiPFs salt as a non-flammable and low-temperature electrolyte. At -20 °C, the
graphite| | LMO cells with the G1-CN/F-EPE/FEC (10:30:60) electrolyte exhibited a reversible capacity
of 52.9 mAh g, corresponding to 57.1% of RTC. Due to the high dipole moment and low viscosity for
facile Li-ion transport, isoxazole (1Z) solvent doubled the ionic conductivity compared to that of
EC/EMC electrolytes at a temperature range of -20 to 20 °C."?7%! Coupled with FEC/EC cosolvent and
lithium difluoro(oxalato)borate (LiDFOB) salt, 1Z-based electrolyte (1 M LiDFOB FEC/I1Z, 1:10 by vol.)
exhibited an ionic conductivity of ¥~10 mS cm™at -20 °C, in which the graphite anode demonstrated a

high reversible capacity of 187.5 mAh g*at 0.1 C and -20 °C.

Since the function of the electrolytes is based on the solvents dissociating salts, determining the

freezing point, ionic conductivity and SEI forming capability, the electrochemical and physical
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properties of the solvents play a critical role in the low-temperature LIBs. Overall, no solo solvent could
satisfy all the requirements for low-temperature batteries as discussed above. Yet, the merit for the
electrolytes is that “cocktail strategy” could be applied in blending the electrolyte to maximize the
electrochemical performance of the batteries, especially when coupled with the lithium salts and

additives.

2.2. Lithium Salts for organic low-temperature electrolytes

In addition to “cocktail optimized” solvents with different ratios, Li salts critically affect the low-
temperature performance of electrolytes via altering the dissociation degree and SEl-formation
capability of the anions. As the most commonly used salt in non-aqueous electrolytes, LiPFs would
decompose into LiF and PFs, forming LiF-rich SEI and also passivating of Al current collector on
cathodes. However, its sensitivity to H,O by forming HF, which destabilizes the anode and cathode,
results in capacity fading during battery cycling.””?! Therefore, as the alternatives of LiPFs, new salts

are intensively explored to further enhance the low-temperature performance of electrolytes.

The electrolyte of 1 M LiAsFs EC/EMC/MA/tol(1:1:1:1) exhibited 1.8 mS cm™ at -40 °C and 1 mS
cm? at -50 °C.[® EC/DMC/EMC/PC (15:37:38:10) containing 0.9 M lithium bis(trifluoromethane
sulfonyl)imide (LiTFSI) displayed a promising overall performance over the temperature ranged from
-30 to 70 °C,B% which is worthy of further optimization. Besides, Zhou et al.”® prepared lithium
pentafluoroethyltrifluoroborate (Li[C,FsBFs], LiFAB) via a facile metathesis reaction. Compared to
LiPFe, LiFAB-containing electrolyte showed a low ionic conductivity (8 mS cm™) at RT but a higher
ionic conductivity of 2 mS cm™ at -40 °C due to the weaker coordinating ability of FAB". Zhao et al.l’”!
revealed that the addition of LiNOs to LiFSI-DOL transforms the electrolyte to a highly correlated but

amorphous state, which led to high ionic conductivity of 1 mS cm™ at -50 °C.

This article is protected by copyright. All rights reserved.

18



Accepted Article

(b)

WILEY-VCH

——
LL] - 5 * H"-\.‘ —#= 1 MLIBF, in PC:EC:EMC {1:1:3}
12l A S —a— 1 MLITFS! in EC:DMC:EMC {15:37:48)
- e . —¥—1 MLIPF, in EC:DEC:OMCEMC(3:5:4:1)
;. 12 4 4 ey 20 1 == 1 MLIFF, in EC:DEC:OMC:EB{1:1:1:1) £18.6
B o Ry o —+=1 MLIPF, in EC:DEC:DMC:EMC{1:1:1:2 o
= 104 S A R . =x=1 MLIPF, In EC:OMC:EMC {1537 :48) ra
- L
£ gl P u::.a-" — Tow 1511, 34—w— 1 MLIPF, In EC:DEC-OME:BL[:1:1:1 13.6
. ;%: e T (M ISMURR EC:DMEC1:2) 13.2
S e " S g0 11670 1MLICI, inECOMC (1:1) 5 0, 128
] G e LT B o 3 b
] e :. ‘-'E? 0.97 11.5
e _-__-_._-_;__.— . J——‘——.___:___;'H-H.I 1 5_|:|.91 . 10.8
(1] ] L] .
00 02 04 06 08 10 L2 14 16 18 20 4 49150 °C)
Cone., (M) [1] 'gg
—-— - -— H0°C = . . . . . . ,
- -.:n:rc: — 10 — S0 60 40 20 0 20 40 &0 80
-2F°C - NPC R
T - e e Temperature (°C)

Figure 6. (a) The correlation between the ionic conductivity (mS cm™) and LiTFSI
concentration (M) for DOL-DME-TEGDME-based electrolytes at different temperatures from
-40 to 60°C. Reproduced with permission.[”8! Copyright 2019, Hindawi. (b) lonic
conductivities of electrolytes with LiPFg, LiTFSI, LiBF4, and LiClO4 salts in various carbonate-
based solvents at temperatures ranging from -40 °C to 60 °C. Reproduced with
permission.!”® Copyright 2010, The Electrochemical Society.

Over a wide temperature range (-40 to 60 °C), the LiTFSI salt at 1.0-1.4 M exhibited the highest
ionic conductivity in mixed ether solvents, including 1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME),
and TEGDME (Figure 6a),”®! which is the compromise of solvent viscosity, salt solubility and
dissociation degree. Compared with the electrolytes containing LiPFe, LiTFSI, and LiClO4, LiBF,-based
electrolytes exhibit the lowest ionic conductivity at RT but a much slower downtrend as temperature
decreases (Figure 6b).""! It should be pointed out that the ionic conductivity of electrolytes is not a
decisive factor for the low-temperature performance of LIBs, providing that it could support the
sufficient Li* transport between the electrodes.® Even though LiBFs-based electrolyte possesses
lower conductivities than LiPFs counterpart (0.9 vs. 1.5 mS cm™at -20°C, 1 m (mol kg™ solvent) salt in
EC/DMC/DEC, 1:1:1 by wt.), it breeds a decimated charge-transfer resistance for the charged
graphite| | lithium nickel-based oxide full cells. The full cells with the electrolyte of 1 M LiBF, in
PC/EC/EMC (1:1:3 by wt.) retained 86% of RTC at -30 °C, while the corresponding value was 72% for

LiPFs-based electrolyte.!”! Although LiBFs-based electrolytes showed great potential for low-
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temperature LIBs, some features, including hydrolysis susceptibility, relatively low ionic conductivity,
and inefficient SEI-formation capability, hindered its wide applications.®¥ To address these issues,
LiBOB was proposed to improve SEl formation and thus effectively promoted graphite cycling at low
temperatures.’®? Yet, the poor solubility in linear carbonate solvents and relatively high viscosity of
solutions restricted the extensive use of LiBOB in low-temperature LIBs.!®3 Combining the good ionic
conductivity of LiBF, and decent SEl-formation capability from LiBOB, electrolyte using LiBF,—LiBOB
(90:10 by mole) salt mixture in PC/EC/EMC ternary solvents enhanced the cycling performance and
rate performance of Li| |LFP cells in a wide temperature range of -50 to 90 °C.*% The Li| |LFP cell
delivered up to 100 mAh gt at 1 Cand -10 °C and possessed improved rate performance in this bi-salts

electrolyte.

LiDFOB synergistically combined the pros of LiBF, and LiBOB because of its chemical structure
containing the half-molecular moieties of both, which helped lower the SEl/charge transfer resistances
and maintained the robust SEl even with a high concentration of PCin a wide temperature range from
-30~60 °C.5>#! Yang et al.®”! designed 1.0 M LiDFOB PC/EC/EMC electrolyte to reduce the R and
enhance the low-temperature performance of NCM111 cathode. At -30 °C, the Li| [NCM111 cells with
LiDFOB-based electrolyte maintained 86% of RTC. Coupled with a series of sulfone and sulfite solvents
(we will discuss their role in the following chapters), the reversible capacity of Li| |LFP cells with 0.9
mol L LIDFOB sulfolane (SF)/ dimethyl sulfite (DMS) (1:1 by vol.) electrolyte remained 29.0% of RTC
at -40 °C,'®® corresponding to four times of that for LiPFs EC/DMC electrolytes. The Li| |LFP cell with
0.9 mol L! LiDFOB SF/diethyl sulfite (DES) electrolyte also showed decent cycling stability and rate
performance at low temperatures.® However, the low-temperature performance of pure LiDFOB
based electrolytes was still not satisfactory due to the continuing SEI formation at low temperatures,
leading to a high interface resistance. To address this issue, blended salts with LiDFOB were adopted
to ameliorate the low-temperature performance. Compared with LiPFs EC/DEC/DMC/EMC electrolyte,
the dual-salt electrolyte of 0.9 mol L LiDFOB/LiBF4 (5.365:1 by wt.) EC/DMS/EMC (1:1:3 by vol.)
showed a slightly lower but acceptable ionic conductivity of nearly 1 mS cm™ at -40 °C.°? At -20 °C,
Li| | LFP cells with dual-salt electrolyte showed 89.4% of RTC at -20 °C and retained 94.57% of the initial
capacity after 50 cycles, in contrast to 53.7% and 46.03% for LiPFs-based electrolyte, respectively.

Zhang et al. studied the low-temperature performance of LiBF,/LiDFOB dual-salt electrolytes with
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different ratios in a wide temperature range.®¥ Due to the larger anionic radius and better ionic
dissociation with solvents, electrolytes with LIDFOB showed increased ionic conductivities compared
with pure LiBFs-based electrolytes. LCO cathodes with LiBF4/LiDFOB (8:2) PC/EC/EMC (1:1:3) + 5%FEC
electrolyte exhibited an excellent cycling stability by presenting high capacity retention of 98.67% at -
20 °C after 300 cycles. Shangguan et al.®? synthesized lithium trifluoro(perfluoro-tert-
butyloxyl)borate (Li[(CF3)sCOBFs], LiTFPFB) with bulky anion and investigated the low-temperature
electrochemical behaviors of dual-salt electrolytes with LiTFSI in PC/EC/EMC. The addition of LiTFPFB
effectively mitigated Al foil corrosion and suppressed the Li dendrites. At -20 °C and 0.1 C, NCM523
LMBs with electrolyte containing 1 M (LiTFSI)o6-(LiITFPFB)o.4 and 0.05 M LiPO5F; additive presented a
high capacity of 101.3 mAh g (93.7% of RTC) and retained a capacity of 96.8 mAh g (91.4%) after 50

cycles.

The anions of lithium salts exert substantial influences on the low-temperature performances of
the cells, mainly due to the following three specific reasons: i) the anion derived SEl, ii) the dissociation
degrees, and iii) possible parasitic reactions. Future new salt explorations or existing salt blends should
balance these three features to ensure low interfacial resistance, high electrolyte conductivity and

good interfacial stability.

2.3. Additives for organic low-temperature electrolytes

The adoption of additives is the most convenient and economical method to improve the performance
of commercial LIBs and is highly accepted by the industry.®® Generally, the content of an additive in
the electrolyte is at most 5% (wt.% or vol.%). The improvement of low-temperature performance for
LIBs by additives has been intensively investigated recently. Due to the low freezing point and high
dielectric constant, PC-based electrolytes showed great potential for low-temperature applications,
yet the graphite exfoliation caused by PC co-intercalation hindered its possible applications. Recent
investigations indicated that the exfoliation could be tackled by some film-forming additives.*%
Sulfur-based additives (e.g., 1,3,2-dioxathiolane-2,2-dioxide (DTD) and its derivatives) with smaller
lowest unoccupied molecular orbital (LUMO) than that of PC can be reduced above the PC co-

intercalation potential, forming a Li,SOs and ROSO,Li-riched protective film.P61U Allyl sulfide (AS)-
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added electrolytes were demonstrated to be spontaneously decomposed on the surface of soaked
graphite and form a sulfur-containing inner layer SEI, which facilitated the charge-transfer process at
low temperatures.['°? Besides, the addition of 2 wt.% AS could also suppress Li plating, further
enhancing the low-temperature performance of cells. Guo et al.l’% reported that the
graphite| [NCM523 pouch cells with carbonate electrolyte (1 M LiPFg EC/EMC, 1:2 by wt.) containing
0.5 wt.% DMS exhibited superior low-temperature performance, outperforming the commercialized
DTD additive (Figure 7a). The reduction products from DMS had a weak combination with Li*, which
helped to form a more anion-derived SElI than that formed by DTD reduction. Phenyl
methanesulfonate (PhMS) additive showed a similar film-forming capability to enhance the low-
temperature electrochemical behavior of graphite| [NCM523 cells.[*°4 Wotango et al. investigated the
film-forming mechanisms on MCMB anode using an additive combination of 4-chloromethyl-1,3,2-
dioxathiolane-2-oxide (CMDO), EC, and FEC in 1.0 M LiPFs PC/DMC (1:1 by vol.) electrolyte.l!%) The
MCMB half-cells with the electrolyte containing these additives (2 vol.% CMDO, 3 vol.% EC, and 5 vol.%
FEC) presented significantly improved cycling performance with high initial Coulombic efficiencies
(iCEs) of 77%, 92.5% at -10°C and RT, respectively. Such improvement was related to the high
decomposition voltage of CMDO, which led to the formation of SEI with an inner layer containing
sulfate derivatives (e.g., ROSO,Li, Li>SOs, LisS, Li;0, etc.), thus creating a thin, compact and Li-ion
conductive SEI. Xu et al.’%! blended an electrolyte with MA, tris(trimethylsilyl) phosphite (TMSP) and
1,3-propanediolcyclic sulfate (PCS) additives to enable a 5 V high-voltage LIB for a wide operation
temperature range from -60 °C to 50 °C. Owing to the lower LUMO, the TMSP and PCS additives
alleviated the reductive decomposition of MA and carbonate solvents by forming a high ionic
conductive and stable SEI on the surface of MCMB anode (Figure 7b). At 0.3 C and -5 °C,
MCMB| | LiNio.sMn1.504 (LNMO) cell with the electrolyte (BE (EC/DEC/EMC, 1:1:1 by vol.) + MA (same
vol. as BE) +1 wt.% TMSP + 1 wt.% PCS) delivered an initial capacity of 101.7 mAh g (99.7% retention
of RTC), which is much higher than the cell without additives (74.3% of RTC) and with BE/MA (70.5%
of RTC).

Additives with fluorine groups could induce a thin and compact SEl layer with low resistance,
therefore functioning well in low-temperature batteries. Difluoromethyl acetate (MFA) was reported

to decompose on the surface of graphite to form a robust SEl, which prevents Li* co-intercalation
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effectively.® Besides, evidenced by EIS technique, cells with MFA (1.0 M LiClO4 EC/DEC/PC/MFA,
1:1:1:0.15 by vol.) showed improved charge-transfer kinetics. Liao et al.’*”! investigated the effect of
FEC addition on the low-temperature performance of MCMB. Compared with the baseline electrolyte
(EC/PC/EMC, 1:3:8 by vol.), a stable and highly Li*-conductive SEI was formed with 2% FEC addition
upon the initial cycling, which facilitated the migration of Li* through SEI and thus promoted the
electrochemical performance at low temperatures. The LUMO of fluorosulfonyl isocyanate (Fl, -0.6182
eV) is much lower than those of EC (0.1306 eV) and DMC (0.0683 eV), which leads to a higher reduction
potential (2.8 V vs. Li/Li*) than commonly used carbonate solvents.!*%! As a result, FI dominates the
formation of SEI, which consists of an inorganics-rich inner layer and a thin organic outer layer. The
low interfacial resistances due to the robust SEl boost the low-temperature and rate performance of

the graphite anode.

Polydimethylsiloxane (PDMS)-based copolymers such as poly[dimethylsiloxane-co-(siloxane-g-
acrylate)] (PDMS-A), poly(dimethylsiloxane-co-phenylsiloxane)(PDMS-P), and poly[dimethylsiloxane-
co-(siloxane-g-ethylene oxide)] (PDMS-EO) were studied as low-temperature additives for LIBs.[*%°]
The addition of PDMS-based additives with high electrochemical stability protects carbonate
electrolytes from degradation and freezing, which effectively enhances the capacity retention and rate
capability of graphite| |LCO cells at low temperatures. Won et al.*'% reported the joint adoption of
PDMA-A (1 wt.%) and lithium-modified silica (1 wt.%) could improve both the room-temperature and
low-temperature electrochemical behavior of commercial graphite| |LCO cells due to the enhanced
interfacial stability. At 0.1 C and -20°C, the electrolyte with these additives maintained higher initial

capacity (~110 mAh g?) and improved 63.4% retention after 50 cycles.

Since SEI/CEI films formed by organic additives generally present low ionic conductivity and high
interface impedance of full cells,**** inorganic salt-type additives were explored to lower the
interface impedance. Wu et al.'* applied NaCl as a low-temperature film-forming additive for LFP
cathode, which facilitates the formation of homogeneous CEl with high Li-ion conductivity for Li*
diffusion. The cells with NaCl additive also showed low polarization and improved lithium
insertion/desertion kinetics. Li,CO; as a film-forming ingredient for LFP cathode was reported to
suppress the continual decomposition of electrolyte and accelerate Li* migration, which led to

improved electrochemical performance of Li| | LFP cell at —40 °C by retaining 77.2 mAh g* at the initial
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cycles.'® Yang et al.''”! investigated the effect of lithium difluorophosphate (LiPOF,) on the
electrochemical behavior of graphite| [NCM523 cell at low temperatures. The SEI enriched with LiF
and Li»COs3 exhibited lower R.. As a result, the cell with 1 wt.% LiPO,F, additive maintained 71.9% and
57.93% of RTC while only 49.4% and 9.6% were observed for cells with the blank electrolyte at -20 °C
and -30 °C. Similar effects were also reported for the lithium difluorobis(oxalato) phosphate (LIDFBOP)

additive.[®

Aforementioned synergetic effects of various additives were manifested incisively in the 0.05 M
CsPFe-containing 1 M LiPFs EC/PC/EMC electrolyte (baseline electrolyte).[**®! The co-addition of 0.5%
FEC, tris(trimethylsily) phosphite (TTMSPi), and PS in baseline electrolyte helped to build highly
conductive and dense CEI/SEIl on the surface of cathodes (NCM or NCA) and anode (graphite), leading
to superior cycle stability and improved low-temperature performance. Jones et al.’? investigated
the effects of additives in the ester-rich electrolyte at low temperatures, including VC, LiBOB, LiDFOB,
propane sultone (PS), and lithium bis(fluorosulfonyl)imide (LiFSI). Among these additives, LiFSI
functions best. At a current density of 0.2 C and charge cut-off of 4.1V, it was not until -40 °C that
graphite| |NCA cells with an electrolyte containing 0.1 M LiFSI additive suffer from Li-plating, 10 °C
lower than the baseline electrolyte (1.0 M LiPFs EC/EMC, 1:1 by vol.). By contrast, cells with an
electrolyte containing VC and LiBOB additive displayed Li-plating at ~-10 °C due to the increased SEl
resistance. Representative low-temperature additives were summarized in Table 2, most of which
take effects via building low resistant and high ionic conductive SEI/CEl layers on electrodes and

endowing the electrolytes with low-temperature features.
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Figure 7. (a) A comparison of the low-temperature cycling performance and corresponding
possible SEI formations of MCMB| | NCM811 cells using baseline electrolyte (1.0 M LiPF¢
EC/EMC, 1:2 by wt.), electrolyte with DMS additive and electrolyte with DTD additive.
Reproduced with permission.%3! Copyright 2019, American Chemical Society. (b) The
possible working mechanism of TMSP and PCS as functional additives based on XPS analysis.
Reproduced with permission.['%! Copyright 2019, Elsevier.
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Table 2. A summary of recently reported additives for improving the low-temperature performance

of cells
Classificati  Additive Baseline anode||cathode Low-T Ref.
on S electrolyte Performan
ce
1.3 M LiPFs -30 °C@0.05 C
2 W% fumg
WL. 70
EC/EMC/DEC Li||graphite ~60 mAh
AS (3:2:5, vol.) ol etall®
1.0 M LiPFe -10°C@0.2C
0.5 Wt.% Qo
D WL/
EC/EMC (112, graphite|NCM523  82.13% of
DMS
wt.) RTC et al.l’®]
.0 M LiPFe -10°C@0.2C
Solvent 1.0 M LiPF @
. Li
additives 1 wt.% ' mn
EC/EMC (12, graphite| NCM523  73.8% (50
PhMS 9
Wt.) CYCICS) et al.l’1
2 vol.%
CMDO -10°C@0.1 C
1.0 M LiPFs Wotang
3vol.% EC 0
~230 mAh
PC/DMC (l 1, Li||MCMB
g' (35
5 vol.% vol.) et
FEC cycles) 4] [100]
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1 wt.%

1.0 M LiPFs -5°C@0.3C
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Liao
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FEC . et
H (1:3:8, vol.) g a1 11021
1.0 M LiPFs
EC/PC/EMC/DECNCIF 20°c@o1c :
Kim
1 wt.% EC
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Li>0- VC (2 wt.%) + 105
cycles) al.l'%}
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0°C@0.1C
123.5 mAh g

graphite|[NCM523
96.7% (50

cycles)
-30 °C@0.2C

graphite|[NCM523 49% of
RTC

Yang

et

a1.[1 12]

Liao

et

a1.[1 13]
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2.4 Low-Temperature Organic Electrolytes for High Energy Battery Chemistries

Since the commercialization of LIBs in 1991, their energy density has escalated from ~80 Wh kg to
~280 Wh kg?, leaving little room for further optimization based on graphite anodes and layered
cathodes. Besides, the close potentials between Li metal and graphite fundamentally restricted their
low-temperature performance.”! Therefore, novel Li battery chemistries are intensively explored
recently for low-temperature utilization.™*?* Some of the electrolytes for novel Li battery chemistries

are compiled in Table 3.

Table 3. Electrolytes for novel low-temperature battery chemistries

Electrolyte Low-T
) Formula anodel|cathode Ref.
categories Performance
-60 °C@0.1 C
0.2 M LiTFSI
FM: CO; (5 %) Li||[LCO Meng et al.[''”]
60.6% of RTC
1.2 M LiTFSI -60 °C@1/15 C
Fluorinated INCM622 L8]
Li|]NCM Meng et al.
Electrolytes AN/FM/CO> 45% of RTC
1.0 M LiPFs 60°C@02¢C
_ Holoubek et
MTFP/FEC LijNeMs1 133 mAh g AL [15]
1.28 M LiFSI
-85 °C@1/15C
LHCEs FEC/FEMC- Li|[NCA Fan et al.l'!"]

V]
D2 45% of RTC
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-70°C@0.2 C
5m LiTFSI/EA-
DCM (1:4 by Li||PI Dong et al.l1?%!
69% of RTC
vol.)
-60 °C@0.1 C
' Holoubek et
1 M LiFSI DEE Li||SPAN
76% of RTC al.ll
-40°C@0.2 C
2 mol kg LITFSI EA
Other PNTCDA|PTPAn Dong et al.l1?!]
69% of RTC
-60 °C@10 C
2 M LiPFs MP/FEC it y Holoubek et
graphite||graphite
61.7% of RTC al.l'2]

Due to the highest theoretical specific capacity (3860 mAh g?) and the lowest electrochemical
potential (-3.04 V vs. SHE), Li metal is regarded as the ultimate anode for energy storage systems.*??
Meanwhile, Li metal anode also shows better low-temperature performance than graphite because
of the relatively smaller nucleation barrier. Therefore, intensive investigations are focused on low-
temperature LMBs. Meng and co-workers'?? reported a hydrofluorocarbon-based liquefied gas
electrolyte for LMB that showed a wide potential window (-3.23 - 2.47 V vs. Pt) over an extended
temperature range from -78 to +65 °C (Figure 8a). With CO; as film formation additive, the LMB
notably delivered a discharged capacity of >80 mAh g* even at -60 °C, representing a breakthrough
for the ultra-low temperature LMBs, thanks to the extremely low viscosity of fluoro-methane-based
electrolyte, as well as the LiF-rich SEI. However, since the overall test was carried out in high-pressure
stainless-steel cells, its application in conventional batteries still needs in-depth research. To further
broaden the working temperature range, the authors introduced acetonitrile (AN) as a co-solvent and
increased the salt concentration to a normal level. The modified liquefied gas electrolyte (1.2 M LiTFSI

+ 1 M AN in fluoromethane (FM): CO, = 19: 1) showed excellent stability to Li anode and enabled
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Li| INCM622 cell with decent cycle stability from -60 °C to 55 °C.[*2¥! Owing to the good electrochemical
stability of fluorinated interphases, all-fluorinated electrolytes were formulated to support high
voltage LMBs."?¥ Holoubek et al.*! designed the electrolyte of 1 M LiPFs with a mixture of methyl
3,3,3-trifluoropionate (MTFP)/FEC (9:1 by vol.) for ultra-low-temperature application of LMBs (Figure
8b). The synergistic effect of MTFP with excellent oxidative stability (~5.8 V) and FEC with the good SElI
forming capability leads to superior cycling stability for Li| [NCM811 cells. At an ultra-low temperature
of -60 °C, this electrolyte remained in a liquid state and provided an ionic conductivity of 0.75 mS cm"
! making low-temperature application feasible. Discharge capacities of 161, 149, and 133 mAh g
were obtained for Li| [INCM811 full cells at -40, -50, and -60 °C, respectively. Li et al."?*! developed a
Li-CO, battery with DOL-based electrolytes working at -60 °C because of the electrolyte with low
freezing point (-95 °C) and relatively high ionic conductivity (2.26 mS cm™ at -80 °C). In this work,
Iridium was used for gas diffusion layer coating to facilitate CO, reduction reaction (CO2RR) and CO,
evolution reaction (CO;ER), thus promoting the decomposition of the discharge products generated
on the cathode. Due to the suppression of the parasite reactions, the cell delivered a stable capacity

of ~500 mAh g for 150 cycles at -60 °C.

Ether-based electrolytes with a low Li* desolvation energy show exceptional stability to Li metal
anode because of low reduction potential and formation of anion-derived SEI.[*26228] As 3 typical ether
electrolyte, the DOL/DME-based electrolytes display a decent ionic conductivity in a wide range
temperature, yet rampant lithium dendrites formation limits their utilization in low-temperature LMBs
as evidenced by the plunged CEs at low temperatures (e.g., 45.4% and 27.5% at -40 °C and -60 °C for
1.0 M LiFSI in DOL/DME). In contrast, diethyl ether (DEE)-based electrolyte exhibited much higher CE
retention at low temperatures (98.4% at -60 °C).*! This distinct feature is highly related to the
solvation structures. The Li-desolvation process in DEE-based electrolytes is much easier than in DME-
based electrolytes due to more contact-ion pairs (CIPs) and relatively lower binding energy (-280 kJ
mol? for Li*(DEE)1 s vs. -414 k) mol™? for Lif(DME),3), resulting in lower Rt and more homogenous Li
deposition (Figure 8c). Coupled with sulfurized polyacrylonitrile (SPAN) cathode, the full cells kept 76%
of the RTC at -60 °C and exhibited stable performance over 50 cycles. It is noted that this work utilized
the low-temperature charge protocol, which is rarely reported in LMBs. Thenuwara et al.l'?

investigated the impact of FEC and EC additives on the low-temperature performance of ether-based
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electrolytes (0.8 M LiTFSI and 0.2 M LiNOs in DOL/DME, 80:20) for LMBs. FEC could partially replace
DOL in the first solvation shell of Li-ion, creating the formation of LiF, Li>COs-riched SEl on lithium metal
anode, different from the only LiF for baseline electrolyte. Although the ionic conductivities of LiF and
Li,COs are relatively low, the large space charge accumulation near the SEl tends to enhance the carrier

concentration and Li-ion transport,!*3%*3 thus leading to the formation of large Li particles as well as

kinetics improvement at low temperatures.

(a)

( b ) Ultra-Low Temperature Li
Metal Battery
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Figure 8. (a) CV profiles of liquefied gas electrolytes at RT and low temperatures of -60 °C. Reproduced
with permission.l?? Copyright 2017, Science. (b) Schematic of F-rich interphases enabled all-
fluorinated ester electrolytes operating at high-voltage and ultra-low temperatures. Reproduced with
permission.[*> Copyright 2020, American Chemical Society. (c) Schematic of low binding energy
enabled facile desolvation and homogenous Li deposition in DEE-based electrolytes at low

temperatures. Reproduced with permission.*®! Copyright 2021, Nature.
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As mentioned above, the sluggish Li* desolvation process was believed to be the key hindrance
to the low-temperature performances of LIBs.**32133] Therefore, reducing the Li* desolvation energy
is distinctly effective to improve the low-temperature performance. Low desolvation energy of Li*-
solvent could be achieved in localized high-concentration electrolytes (LHCEs) by adding non-polar or
less-polar solvents. Li* desolvation energy with solvents is correlated to the electrostatic potentials
between them, as well as the chemical hardness of solvents.[*?! LHCEs could inherit the strong
features of the HCEs (good stability to the cathodes, superior SEI formation capability, etc.), and
meanwhile discard the shortcomings of the HCEs (high viscosity, high freezing points, etc.).[*3¥ Besides,
by adding non-polar solvents, the overall affinity between the solvents and the Li* could be reduced
and therefore decrease the desolvation energy. Fan et al.”® introduced non-polar solvents
tetrafluoro-1-(2,2,2-trifluoroethoxy)ethane (D2) and methoxyperfluorobutane (M3) to all-fluorinated
electrolytes, realizing the low-temperature applications of high-voltage Li-metal battery. The two
electrolytes (1.28 M LiFSI FEC/FEMC-D2 and 0.7 M LIiBETI FEC/DEC-M3) exhibited high ionic
conductivity (>1x102mS cm™) at -80 °C and ultra-low freezing point (-125 °C and -132 °C, respectively).
The low desolvation energy (Figure 9a, b) and LiF-rich SEI ensures the excellent cycling stability of
Li| | NCA batteries with a CE of 99.4% at RT and a discharged capacity of 56% RTC at -85 °C. Superior
low-temperature performance was also demonstrated in the LHCE using 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluropropyl ether (TTE) as the dilute solvent .*3! To conquer the narrow electrochemical
window of EA (1.5~4.7 V vs. Li/Li*), LHCE was formulated using Dichloromethane (DCM, CH,Cl) as the
diluent.? The LHCE 5 m LiTFSI EA/DCM (1:4 by vol.) presents a high ionic conductivity (0.6 mS cm™),
low viscosity (0.35 Pa s) and a wide potential window (0~4.85 V) at -70 °C, endowing the Li| | polyimide
batteries with a high energy density of 178 Wh kg and superior rate performance as well as low-

temperature charging capability.

The kinetics of the low temperatures cell could be maximized if the Li* do not experience the
desolvation reactions. Dong et al.**® reported an organic electrodes-based battery using the low-
temperature electrolyte of 2 mol kg?! LiTFSI EA with the 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCDA)-derived polyimide (PNTCDA) as anode and polytriphenylamine (PTPAn) as

cathode (Figure 9c). Differing from the conventional LIBs, the solvated Li* could de/intercalate into the
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organic electrode as a whole without desolvation on account of the surface groups and large interstitial
space of the organic anode. As a result, the all-organic batteries with a rate of 5 C (i.e. 0.5 A gprean’t)
delivered a reversible capacity of 56 and 18 mAh g at -40 °C and -70 °C, corresponding to 64% and
21% of RTC, respectively (Figure 9d). Holoubek et al.'3”) designed a dual-graphite battery, where the
desolvation barrier was theoretically avoided by decoupled solvation and desolvation (Figure 9e). MP
was chosen to be the main solvent due to its low freezing point, while 10% of FEC was added to the
electrolyte to stabilize the formed surface film on the anode and cathode. The prepared electrolyte of
2 M LiPFs MP/FEC(10%) exhibited an ionic conductivity of 1.50 mS cm™ at -60 °C, much higher than
that of commercial electrolytes. The double-ionic batteries (DIB) showed superior low-temperature
performance by maintaining 93.1% and 84.4% of RTC at -40 °C and -60 °C, respectively. When the rate
was increased to 10 C, the cell still retained 61.7% of RTC at -60 °C. However, the energy density of
DIBs is still limited since both of the stored Li* and anions in the anodes and cathodes are from the

electrolyte.[*3
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Figure 9. (a) Schematic of solvation structure of LHCEs and b) calculated Li* solvation/desolvation
energies in various electrolytes. Reproduced with permission.?® Copyright 2019, Nature. (c) Schematic

of full cells with PTPAn cathode and PNTCDA anode and (d) the electrochemical performance of the

This article is protected by copyright. All rights reserved.

34



Accepted Article

WILEY-VCH

all-organic battery at a wide range of temperatures from -70 to 50 °C. Reproduced with permission.*3¢!
Copyright 2018, CellPress. (e) Operational schematics of graphite||graphite dual-ion full-cells.

Reproduced with permission.[*3”) Copyright 2019, Wiley-VCH.

Lithium-sulfur (Li-S) batteries are expected to satisfy the growing demand for energy storage due to
the high theoretical energy density (2600 Wh/kg), low cost, and environmental friendliness.[13%140]
However, conventional Li-S cells could only maintain 27% of RT capacity at -10 °C,"** which hinders
the wide temperature range applications. It is reported that electrolyte containing 86:14 (by vol.) of
DOL:DME might be a better choice for Li-S batteries instead of conventional one with 1:1 (by
vol.).**? Ryu et al. introduced low freezing point additives of 1,3-dioxolane (DOXL) and MA to
tetra(ethylene glycol) dimethyl ether (TEGDME) and improved the low-temperature electrochemical
behavior of Li-S batteries.[**!! Cells with the optimum electrolyte formula of MA/TEGDME/DOXL
(5:47.5:47.5) showed the lowest charge-transfer resistance and highest discharge capacity of 993
mAh g at -10 °C (74% of RTC).

2.5 Low-temperature Aqueous Electrolytes

Due to the higher safety and greater ionic conductivity compared with carbonate electrolytes,
aqueous electrolytes were investigated to overcome the relatively high freezing point to meet low-
temperature operation requirements. Ramanujapuram et al.['*¥! tested the electrochemical behavior
of LIBs with LCO cathode and aqueous electrolytes at subzero temperature. The melting point of the
aqueous solution decreases substantially to between -45 and -50 °C for 16 mol kg LiCl, between -20
and -30 °C for 9 mol kg* LiNOs, between -30 and -35 °C for 3.5 mol kg™ Li,SO4, respectively. Compared
to conventional organic electrolytes (1.0 M LiPFs EC/DEC), better low-temperature properties were
achieved for LCO in the LiCl-saturated aqueous electrolytes, delivering 72% and 12% of RTC at -40 °C
and -45 °C, respectively (Figure 10a). The dramatically reduced capacity at -45 °C is due to the
significant increase of bulk electrolyte resistance and charge transfer resistance (R«) at the

temperature close to freezing point. Nian et al.[**¥ revealed that the intermolecular hydrogen bonds
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(HBs) between dimethyl sulfoxide (DMSO) and water prevent the formation of HB grids among water
molecules in ice crystals. As shown in Figure 10b and c, the freezing point of the aqueous solution
containing DMSO (30% by mol) critically reduced to -130 °C (salt-free) and below -150 °C (salt-
containing), and the corresponding electrolyte showed a decent ionic conductivity, which is beneficial
for ultra-low-temperature batteries. DMSO as an additive could also significantly improve the low-

|.1451 3dded antifreeze additive

temperature performance of other alkali (Na, K)-ion batteries. Tron et a
ethylene glycol (EtG) to aqueous electrolytes (1 M Li,SO4) for LIBs. The addition of EtG decreased the
ionic conductivity of mixtures and expanded the electrochemical window but improved the charge-
transfer process at low temperatures. LFP exhibited a capacity of ~90 mAh g at -10 °C and 1 C using
electrolyte with 20 wt.% EtG, while the baseline electrolyte could not function due to the high freezing
point of -4.6 °C. Chen et al.[**® introduced acetonitrile (AN) to “water-in-salt electrolyte” (WiSE), which
could exclude water molecules from the inner-Helmholtz layer of both anode and cathode, forming a
protective SEl before water decomposition and expanding the electrochemical stability window to the
range of 4.5 V (Figure 10d). The introduction of AN with low viscosity and low freezing point (-48 °C)
extended the liquid temperature range, which supported its low-temperature application. The

LTO| |LMO full cells with AN-WISE containing 15.3 mol kg LiTFSI delivered a capacity of 110 mAh g
after 120 cycles at 0 °C, id est, 95% of RTC.

This article is protected by copyright. All rights reserved.

36



WILEY-VCH

jtt BT - Al sy, b . .
(a) il e  ——— c o | FN
B " T — 54
- R B 4 = i = '] E - =,
3 ™ = = 4
+HEECE E | -130 °C E . H_HH"\-\' '
§ ol = £ \ —— 3 oa] —amao Y
% ol — = ul | =21Mu
§ ol - e Il —ame
8 -, u
L e R T T I I . A1 13 1% A3 A8 AT &4 4% 43 4@
Gycla Tempsrature (") 10T (K1)
(d) 0.7V Electrochemical stability window of BSiS-A, , = 4.5 V
4
20T - =
iBSIS-A,, .-~
1.5 | - -
"'.'E i S = ] B5is-D, .
PR T Rl P
‘E EL I
= 05 hy
= T i
§ 004 o= e [ anrar®
4 ™ T
- wisn
= _ng. OnAl i e e ¥
: . - = BSiS-D, I
£ . |- = BSiS- H
g 0 ; “ fos 1
15 WISE! I T o
: D y ) l“ l..l ":I !-.I 4 'l.l

| 2 4 5
Potential / V vs Li'/Li

Figure 10. (a) Cycling performance of LCO using various aqueous and carbonate-based electrolytes at
the temperature down to -45 °C, the rate was 0.2 C and 0.05 C. Reproduced with permission.[*43!
Copyright 2018, Wiley-VCH. (b) differential scanning calorimetry (DSC) profile of water after adding
30% DMSO and (c) the temperature dependence of ionic conductivities of the 2 M NaClO4in pure H,0
(2M-0), H,0/DMSO (2M-0.3, the molar ratio of DMSO is 3), and pure DMSO (2M-1) electrolytes.
Reproduced with permission.'* Copyright 2019, Wiley-VCH. (d) The electrochemical stability
windows of various high-concentration electrolytes and the physical state at low temperatures (0 and

-20 °C, the insert figure). Reproduced with permission.**®! Copyright 2020, Wiley-VCH.
2.6 Low-temperature lonic Liquid Electrolytes

lonic liquids (ILs) with a wide operating temperature range are regarded as potential electrolytes for

improving the low-temperature performance of LIBs.[**”248] Due to the stable property and remarkable

Accepted Article

electrochemical performances, TFSI-based ionic liquids were deeply studied for possible low-

temperature applications,[!#14151 some of which display decent low-temperature ionic
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conductivities and have been listed in Table 4. Some data about the ionic conductivity of pure ionic
liquids without Li salts are also covered in Table 4. Fujie et al.’®? combined (1-ethyl-3-
methylimidazolium) EMI-TFSI and MOF (Zn(MelM),, H(MelM) = 2-methylimidazole, ZIF-8), creating a
composite electrolyte with a higher ionic conductivity than bulk EMI-TFSI at low temperatures.
Aguilera et al.*>¥ introduced conventional electrolytes to N-butyl-N-methylpyrrolidinium (Pyri4)-TFSI,
leading to a similar conductivity to that of carbonate-based electrolytes at RT and a decreased freezing
point. Similarly, Li et al.*>* blended IL-decorated polymethyl methacrylate (PMMA) nanoparticles with
a mixture of PC and MA containing 1 M LiTFSI, which exhibited an ionic conductivity of 0.915 mS cm™
at -40 °C. A stable and effective SEl film was observed on the surface of LTO anode, and reversible
capacities of 107, 84, and 48 mAh g were obtained for Li| |[LTO cells at 0 °C, -20 °C, -40 °C, respectively.
Xu et al.’>! developed [BMIM][I]/[EA][N]/water/Lil mixture electrolytes, in which the hydrogen
bonding donor (Water and [EA][N])—acceptor (iobide) network provided a much lower glass transition
temperature (Tg, below -107 °C). Serving as a film-forming additive, EMI-BF, could decompose on the
surface of both anode and cathode, constructing a stable and low-resistance SEI/CE|.[X>®
Graphite| [INCM523 cells with 1% EMI-BF, exhibited a capacity retention of 93.8% after 150 cycles at -
10 °C, while cells with blank carbonate electrolytes showed only 82.3% retention. In general, the ionic
conductivity of IL-based electrolytes is highly related to the viscosity, which is largely affected by the
sizes of anions and cations, as well as the strength of the electrostatic force between the anions and
cations.[*>” Imidazolium-based ILs usually show a low viscosity and considerable high conductivity
because of the relatively small cations.!**®'> |n addition, other factors should be considered when
applying IL-based electrolytes for low-temperature applications. For example, the imidazolium-based
ILs containing symmetric cations usually show higher melting points than those containing asymmetric
cations.[® And the influence of anions and cations on the electrochemical window and Li*

transference number of the electrolytes should also be noticed.6%62
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Table 4. A summary of the low-temperature ionic conductivities for some ILs electrolytes

Electrolytes Low-T ionic conductivities Ref.

0.3 M LiTFSI Pyr,TFSI/PC (20%)

0.5 mS cm™ at -40°C Kiihnel et al.['4]
0.9 M LiTFSI DEME-TFSI 0.8 mS cm™ at 0°C Sato et al.l!4]
0.8 m LiTFSI [EC:DMClo24[Pyr+sTFSlo 6

~ImScmtat0°C Aguilera et al.l'*}!

1 M LiTFSI PMMA-IL-TFSI/PC-MA 0.915 mS cm™ at -40 °C Li et al.l1%]
[BMIMI[I/[EA]IN]/water/Lil

~1 mS ecm™ at -40 °C Xu et al.[13%
(Pyr13FST)o.s6s(PyriaTFST)o 432 0.1 mS cm™ at -40 °C Kunze et al.['4*!
EMI-TFSI@ZIF-8 ~0.1 mS cm™at 0 °C Fujie et al.l!47!

2.7 Low-Temperature Solid-State-Electrolytes

Although the development of all-solid-state batteries is a possible solution to improve the LIBs’
safety, contacting issues between active materials and SSEs become more prominent at low

temperatures. Therefore, it is difficult for all-solid-state batteries to achieve acceptable capacity at
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low temperatures.[1%31%4 |nstead, polymer electrolytes, semi-solid electrolytes or gel electrolytes with
high flexibility are more practical for low-temperature batteries than all-solid-state ones. In order to
prevent the trapping of Li* by three hydroxyl (-OH) of starch, Lin et al.['®*! developed an SSE host of y-
(2,3-epoxypropoxy)propytrimethoxysilane (KH560) and boron (B) co-cross-linking with starch (B-
Starch-Si, BStSi). Compared with PEO-based SSEs, much higher ionic conductivities of 0.123 mS cm™
and 0.03 mS cm™ were obtained for BStSi-based SSEs (50 wt.% LiTFSI mixed) at 0 °C and -20 °C,
respectively. The Li| | LFP cells with the designed BStsi-SSE showed a high capacity of 113.8 (94.7% of
RTC) and 55.9 mAh g (46.5% of RTC) after 200 cycles at 0 °C and -20 °C, respectively. The long cycle
life under the low-temperature condition should be due to the small Li-ion transfer impedance and a
compatible interface between the electrolyte and electrodes. Zhu et al.*® grafted
trifluoromethanesulfonyl (Tf) into the UiO-66-NH, framework to form the metal-organic framework
(MOF)-based single-ionic conducting SSE. The flexible electrolyte membrane was fabricated by adding
30% LiTFSI and 20% PVDF into the host (PL/UiOLiTFSI). Since the movement of Tf was anchored in the
host, a high Li* transference number of 0.84 was obtained. At 0 °C, Li| | LFP cells with this electrolyte
delivered a capacity of 56 mAh g at a current rate of 2 C and could restore to ~120 mAh g when
returned to 0.1C. In addition, nearly 100% Coulombic efficiencies and high capacity retention (98.6%
for 90 cycles at 0.2 C, 95.4% for 120 cycles at 0.5 C and 91.1% for 500 cycles at 1 C) were obtained.
Due to the low production cost and high tap density, microsized Si is believed to be promising anode
material for next-generation high energy density LIBs.*2%%7] Recently, Meng and co-workers reported
that stable operation of microsized Si anode could be achieved by sulfide solid electrolytes.!*%8 Unlike
the conventional liquid electrolytes, solid-state electrolyte does not permeate through the porous
microsized Si (uSi) electrode and the interfacial contact area between the electrode and electrolyte is
always two-dimensional. This strategy greatly reduced the continuous interfacial growth and
irreversible lithium loss, leading to excellent cycle stability. In addition, the uSi| [NCM811 full cells with

LisPSsCl electrolyte could also deliver ~40% of RTC at a low temperature of -20 °C.

Sufficiently high ionic conductivity is the prerequisite for the operation of low-temperature
LIBs/LMBs. Figure 11 compared ionic conductivities of a few typical electrolytes. If the effective Li-ion
conductivity is above 0.1 mS cm™BY, the ionic conductivity will not be a limiting factor. However, a

higher ionic conductivity of electrolytes can reduce the cell polarization.
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Figure 11. Temperature dependence of ionic conductivity of several typical electrolytes. The data

were obtained from Ref.[23.78.72,144,152,169]
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3. Electrodes for low-temperature batteries
3.1 Anodes

Graphite Considering the flat intercalation potential, favorable capacity, and long cycle life, graphite is
undoubtedly the most successful anode material. However, as mentioned above, the intrinsic
drawbacks of graphite, such as poor Li diffusion kinetics in the interlayers, relatively large interfacial
resistance, and low intercalation potential, always restrict its applications in low-temperature

conditions due to Li plating on graphite.*7%71]

Reduction of lithiation overpotential and suppression of Li plating are critical for use of graphite
in low-temperature batteries. Mild oxidation of graphite is a commonly used method to reduce the
lithiation overpotential of graphite anodes. After thermal treatment!*’? or oxidation with concentrated
nitric acid solution!*’3, graphite usually exhibited better cycling performance at low temperatures,
originating from the reduction of unsaturated carbon atoms at the edge planes, the decline of particle
size, the creation of nanovoids, nanochannels, as well as the formation of chemically bonded SEI. The
mildly oxidized graphite after mixing with 1 wt.% nanometric metal particles (Cu, Al, Sn) could deliver
30% of theoretical capacity at -30 °Cand 0.2 C due to the catalytic effect of the metal in Li* desolvation
process.74#1751 At -30 °C, compared with the pristine oxidized graphite electrode, oxidized graphite
with Sn coating and dispersed Sn delivered a capacity of 152 and 94 mAh g, respectively. This nano-
metal enhancement was echoed by Marinaro et a.[*’6*7”], who demonstrated copper nanoparticles on
Super-P carbon (Cu/Super-P) as conductive additive effectively prompted the low-temperature
performance of graphite and LTO anodes. Al,O; coating on the graphite anode could also help to

improve the low-temperature performance of graphite via Li-plating prevention.!*’8!

The particle size reduction and structure modification are also effective methods to improve the
low-temperature performance of graphite.’>8 Thin graphite sheets with through-holes (porous
graphite nanosheets, PGN) and carbon nanotube (CNT) are good examples, which could shorten the
diffusion path effectively.l*®? The dominant mesopores and micropores in PGN-CNT anodes facilitate
the Li* transport and lead to superior rate and low-temperature performance (Figure 12 and b). The
cell with the electrolyte of 0.75 M LiTFSI 1,3-dioxane (DIOX) retained 90% of capacity after 500 cycles
at 4 C and RT and delivered 300 mAh gt at 0.1 C and -20 °C. Raccichini et al.l*®! synthesized multilayer
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crystalline graphene (GRAL) by ionic liquid-assisted microwave exfoliation of expanded graphite (Figure
12c¢). High surface area enabled a high-efficiency electrochemical reaction, as evidenced by the 3-4
times higher capacity for GRAL than commercial graphite at -30 °C (Figure 12d). Zhao et al.[*¥?! prepared
the expanded meso-carbon microbeads (EMCMB) by oxidizing MCMB. The EMCMB with increased

interlayer distance delivered a capacity of 130 mAh gt and 100 mAh gt at-10 °C and -40 °C, respectively.
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Figure 12 (a) SEM images of PGN-CNT and (b) its electrochemical performance at high rates and low
temperatures with DIOX-based and commercial electrolytes. (a) and (b), Reproduced with
permission.[® Copyright 2019, Elsevier. (c) TEM images of GRAL anode and (d) the electrochemical
comparison with SLP30 anode at -30 °C and 0.05/0.1 A g™. (c) and (d) Reproduced with permission.[*8!

Copyright 2015, Elsevier.

Metal and Metal Oxide Anodes Spinel LTO has a theoretical capacity of 175 mAh g and superior
cycling reversibility due to its SEl-free feature and zero volume change during the (de)lithiation
process.[4%183185] Ag 3 result, LTO anodes were of particular interest for possible low-temperature

applications. Yet, the low intrinsic electronic conductivity and sluggish interfacial reactions lead to
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poor low-temperature performance.'®¢188 Recently, a combined strategy by decreasing the particle
size and modifying the electrolyte-electrode interface was reported to improve the low-temperature
performance of LTO.[*#1%3] For example, the low-temperature performance for LTO was substantially
improved after mixing with rutile TiO, (RTO).[**21%% The pristine LTO could maintain 55.48% of RTC at
0.5 Cand 43.62% of RTC at 1 C and -40 °C, while the LTO-RTO composite exhibited improved capacity
retention of 69.7% and 51.6% under the same condition due to the shortened Li* diffusion path. Huang
et al.l’*¥! synthesized hierarchical porous dual-phase LTO-TiO; (HP LTO-TO) via a topochemical
conversion method (Figure 13a-c). The morphology of ultra-thin nanosheets facilitated the Li*
intercalation reactions and reduced the electron/ion diffusion path. Compared with the capacity of
167 mAh g at RT, HP LTO-TO composites exhibited capacity retentions of 85.6%, 77.8%, and 56.3%
at 0 °C, -10 °C, and -40 °C, respectively. However, this design of hierarchical porous structure critically
reduced the energy density of the full cell. Zhang et al.[*** effectively improved rate capability and
low-temperature capacity of LTO after NHsF etching. The NH4F pre-treatment enlarged the surface
area, induced the LiF formation on the surface, as well as enhanced the electronic/ionic conductivity
via partial cation reduction from Ti* to Ti**. As a result, the NH4F pre-treat LTO exhibited much higher
capacity retention of 63.3% at -40 °C, (vs. 40.0% for pristine LTO). Besides, the introduction of F
effectively suppressed the gas generation by preventing the side reactions between anodes and
electrolytes/moistures. Combined with low Li* desolvation energy solvent DIOX, Xu et al.**! realized
~60% of RTC for nano-LTO anode at -80 °C, representing as one of the best low-temperature LTO

anodes.

Special structures were designed for LTO to improve the low-temperature performance. Hu et
al.l* reported a binder-free LTO electrode with aligned CNT nanosheets and Ag decorating. Benefiting
from the high exposed surface area of LTO (aligned CNT nanosheets replaced the conventional binder)
and low solvation energy for Li* with DIOX-based electrolyte, LTO delivered a reversible capacity of 140
mAh g at 0.2 Cand -60 °C, corresponding to 85% of its RTC. Zou et al.l**® synthesized one-dimensional
Liz.oCro3Tis8012 nanofibers and evaluated its lithium storage performance at a high rate and low
temperatures. The nanofiber structure improved the Li* diffusion, while high Ti** concentration and in
situ LioCrO coating enhanced the intraparticle and interparticle electronic conductivities. The

synergistic promotion from nanostructure and coating endows LTO a high capacity of 140 mAh g* (10
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C) and 91 mAh g* (50 C) at RT, and a high capacity of 100 mAh gt at 1 Cand -20 °C

Apart from the LTO anode mentioned above, other intercalation or alloying anodes were
optimized for possible low-temperature applications. Marinaro et al.**® prepared nanosized rutile
TiO; via a sol-gel method from an ethylene glycol-based titanium-precursor in the presence of a non-
ionic surfactant. The nano-TiO, was able to reversible insert/extract 0.7, 0.4 and 0.25 mol Li (~1 mol
equals 341 mAh g?) within the potential window of 0.1-3.0 V at 0 °C, -20 °C and -40 °C, respectively.
Zhang et al.l?° coupled (LiAlITiP)O, and polyaniline as ionic conductors to decrease R and increase
the low-temperature capacity of the nano-Sn anode. Compared with the limited capacity (<100 mAh
gl) of the pristine nano-Sn, nano-Sn-polyaniline-(15 wt.%) (LiAITiP),O, exhibited a reversible capacity
of 545 mAh g at 5 mA g! and -20 °C. Similar enhancement strategies for alloying anodes were also
reported by Nobili et al.?°", and Yan et al.!?* Varzi et al.l>! prepared Zn-rich porous Cu-Zn alloys as
the anode materials using the dynamic hydrogen bubble template method (Figure 13d, e). The as-
prepared CuisZng, anode presented a decent rate performance and cycling stability at -10 °C by
delivering a capacity of 238 and 167 mAh gl at 0.05 and 1 A g7, respectively. Compared with graphite
composite anodes, amorphous monolithic columnar silicon anodes were reported to exhibit little
capacity decay in 1.0 M LiPFg FEC/DMC (1:4 by wt.) electrolytes at -30 °C, which could be a promising

material for the low-temperature applications.?%4
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Figure 13. (a) Schematic representation of the synthesis of HP LTO-TO and (b) its SEM image and (c)
the low-temperature electrochemical performance using half cells at temperatures ranging from -40 —
25 °C. Reproduced with permission.[*** Copyright 2018, Royal Society of Chemistry. (d) Schematic
representation of the synthesis of Cu-Zn alloy anode and (e) the corresponding low-temperature
performance at -20/-30 °C compared with commercial graphite. Reproduced with permission.?%!

Copyright 2018, Wiley-VCH.

3.2 Cathodes

Although cathodes are unlikely to be the critical factor for the low-temperature operation of LIBs, the
large overpotential at low temperatures will require the electrolytes to have a high voltage stability
thus have adverse impact on low-temperature operation. In general, solid-solution type cathodes
(such as NCM) exhibit better low-temperature performance than phase-transformation counterparts

(such as LFP), although both of these cathodes follow intercalation/deintercalation mechanisms.!2%!
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Layered Oxide cathode Previous investigations indicated that high Li* intercalation/deintercalation
kinetics within the layered cathodes, such as LCO cathode**! and LMO cathode,®® were sufficient to
support the operation of LIBs at low temperatures (e.g., -60 °C). Therefore, facilitating the interfacial
reactions via particle size reduction and/or surface engineering are the main directions to further
enhance the low-temperature performance of layered oxide cathodes. Sun et al.?°! synthesized
spherical NCM622 with controllable particle size, nanostructure, specific surface area, and pore
distributions. Both the small particle size and the porous nanorod structure of the modified cathode
improve the low-temperature performance. The spherical cathode (3 um-size in diameter) delivered
a capacity of 157 mAh g at 180 mA gland retained nearly 100% of initial capacity after 300 cycles at
0 °C. The AlF; coating prevented the attack of HF to the cathode and suppressed the parasitic reactions
between electrolyte and cathode, leading to a stable R during the charge/discharge cycling.*” The
AlFs-coated NCA not only exhibited higher capacity (123 mAh g vs. 113 mAh g for un-coated NCA),
better rate performance (62% vs. 54% capacity retention at 5 C) at RT, but also possessed good
capacity retention at -10 °C without capacity loss at the first 20 cycles. As a reference, the uncoated
NCA lost 14% of capacity after 20 cycles at the same test conditions. Sun et al.?%! grafted NCM622
with benzenediazonium tetrafluoroborate (CeHsN,*BFs7) to form a polyphenylene-coated NCM622
and enhance the low-temperature performance (Figure 14a). At -20 °C, the polyphenylene-coated
NCM622 delivered a capacity of 148 mAh g and 105 mAh g? at rates of 0.1 C and 1 C, respectively.
Full cells with the coated NCM622 cathode and exfoliated graphene (EG) anode exhibited excellent
low-temperature cycling stability without capacity loss after 300 cycles at -30 °C (Figure 14b).l2%
Doping heteroatoms could also improve the cycling performance of layered oxide cathodes. At -20 °C,
Ti-doped NCM111 cathode exhibited a discharging capacity of 122.4, 101.8, 78.5, and 51.3 mAh g at
0.1, 0.2, 1, and 5 C, in contrast to 118.8, 96.3, 67.7, and 30.1 mAh g of the pristine cathode,
respectively.'”2% Ti doping at/near surface layer of NCM significantly altered the lattice parameters
and reduced the impedance during the charge/discharge process, resulting in the enhancement of

low-temperature electrochemical properties.

Owing to the high capacity of >250 mAh g7, the lithium-rich layered oxides (LLOs) cathodes have
also been extensively studied at low temperatures recently.!?!-2 Takahashi et al.[?*! studied the

electrochemical properties of LLOs at high and low temperatures. Both Mn and Ni atoms could
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reversibly migrate from transition metal (TM) sites to lithium sites during the charge process in
Liz.2Ni0.13C00.13Mno 530, at high temperatures, which could provide vacancies for Li* diffusion. However,
such migration would become irreversible at low temperatures (-10 °C), which limits the Li* diffusion
and leads to fast capacity decay. The lithiated Lii+x(Co1/3Ni1;sMny3)1-x0; cathode exhibited good
compatibility with carbonate-based electrolyte even when the temperature decreased to less than -
30 °C.2Y"1 High content of EC and high salt concentration improve the electrochemical performance of
the cathode at RT but behave opposite at low temperatures with the demarcation line of -20 °C.
Similar results were also reported by Li et al. in Li[Lio.2C004Mno.4]02.2%® Almost all Mn*" can be
activated at RT, but only a few can be achieved at -20 °C, resulting in relatively low capacity. Similar to
the original layered oxide cathode, doping and surface coating could help improve the LLOs' low-
temperature performance.?'22% Lj and Mo were introduced into NCM111 to form Lizsy[Ni1-93Mna-
0/3C0(1-13M0,]02.229 Slight doping of Li (Li: M = 1.16, M = Ni(1.4/3Mn(1x/3C0(1-3M0x) promoted the
formation of ordered structure and enhanced the electrical conductivity, yet it would cause fast
capacity decay once over-doping. At -30 °C, the cathode (Mo/M = 0.02, Li/M = 1.16) delivered a
capacity of 65.41 mAh g?! at 750 mA g! (5 C). Zhao et al.??!! coated 2 wt.% AlF:; onto
Liz2Nio.13C00.13Mnp 5402 cathode to accelerate Li* transport between adjacent particles and prevent
side reactions between electrolyte and active materials. Paired with lithium metal anode, the coated
Li1.2Ni0.13C00.13Mno 5402 showed a doubled capacity retention (~45% vs. 20%) compared with the
pristine cathode. The in situ formed LiAIO, on the cathode surface plays a critical role in the

enhancement of electrochemical properties.
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Figure 14. (a) The schematic of the preparation of polyphenylene/LNCM-3 cathode and the
corresponding (b) low-temperature performance at 25, -10 and -20 °C, (c) EIS comparison of LNCM-3
between the pristine LNCM-3 and Polyphenylene/LNCM-3. Reproduced with permission.’?°®! Copyright

2019, Wiley-VCH.

Lithium iron phosphate LiFePO,4 has been commercialized and widely utilized in EVs due to its good
thermal stability, and low cost.??222%! Nonetheless, the pristine LFP presents inferior low-temperature
and rate performance due to the deficient electronic conductivity of ~10° S cm™ 22"} and poor Li*
diffusivity of ~1074-10¢ cm? $.1228231 Extensive work has focused on enhancing the electron/ion
transport of LFP cathodes to improve the electrochemical performance at low temperatures. Particle
size reduction and surface coating are proved to be the most effective methods. The reduced particle
size of cathodes effectively improves the kinetics and low-temperature performance by shortening
the diffusion path of electron and Li* and providing a large specific surface area for the
insertion/extraction of Li*.[23223¢] 80 nm LFP/C was synthesized by the sol-gel method using

polyvinylpyrrolidone (PVP) and citric (Figure 15a).123?) The nano-sized LFP/C displayed a high initial
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capacity of 126 mAh g (approximately 78.8% of RTC) and 97% of capacity retention after 500 cycles

at -20 °C. Carbon coating not only improves the electrical conductivity but also significantly elevates
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the interphase stability by reducing the side reactions.’”2431 Zhou et al.?*¥! employed spherical
polystyrene as the carbon source to form a uniform carbon-coating on LFP. The derived LFP with 3.0
wt.% C showed the best low-temperature performance among all the coated LFP due to the increased
electrical contact and shorter Li* diffusion path. At -20 °C, LFP-3.0 wt.%C delivered an initial capacity
of 147 mAh g?, 32 mAh g! at 0.1 C and 5 C respectively, and maintained almost 100% of capacity
retention after 100 cycles at 1 C. Zheng et al.?** reported a thin carbon-coated nano-LFP synthesized
by using Tween60-Span60 composite as the surfactant and carbon source (Figure 15b). Surfactants
help prevent the diffusion of reactants and the growth of LFP. As a result, the coated LFP displayed a
capacity of 90.7% and 78.4% of RTC at 0.1 C at 0 °C and -20 °C, respectively. In addition to carbon,
metals and other conductive materials were also utilized as coating ingredients to enhance the
electronic conductivity of LFP.12%>2%8! Tj5SiC, (TSC) with high electrical conductivity (like metals) and
superior mechanical property (like ceramics) was reported to modify the LFP/C composite in order to
improve the low-temperature electrochemical performance.?*! TSC and carbon co-coating shortened
the diffusion path of Li* and reduced polarization, resulting in significant enhancement of low-
temperature kinetics (Figure 15c). The 4 wt.% TSC coating LFP/C exhibited best cycle stability and rate
performance at low temperatures, delivering 82.8% of RTC and maintaining 97% of initial capacity
after 100 cycles at -20 °C. Xie et al.*®" prepared spherical LFP with core/shell structure via coating
polyacene (PAS), a specific planar conductive polymer with P-bond character. The LiFePO4-PAS
composite can reach a high electrical conductivity of a magnitude of 10S cm™ and a higher tap density
than the irregular sample (1.6 vs. 1.2 gcm). The as-prepared LFP@PAS delivered an initial capacity of
112 mAh gt at 0 °C, id est 85% of RTC. Fluoflavin redox polymer (P1) displayed an oxidation potential
of 3.7 V and a reduction potential of 3.3 V (vs. Li/Li*), sandwiching the potential of LFP (~3.4 V).
Therefore, P1 could serve as an electrochemical mediator to accelerate the charge/discharge of LFP
(Figure 15d). The charging capacity for LFP/P1 composite was around 80 mAh g™ compared with 50
mAh g for blank LFP at 30 C.125Y
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Figure 15. (a) Schematic of the preparation of nano-LFP/C and the corresponding SEM, TEM images.

The low resistance and the enhanced low-temperature/rate performance are demonstrated by EIS
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and Galvanostatic cycling. Reproduced with permission.!?3? Copyright 2013, Elsevier. (b) Schematic of
the preparation of uniformly thin carbon-coated nano-LFP and the SEM images. Compared with the
pristine sample, the LFP/C-TS showed greatly improved low-temperature and high-rate performance
with greatly decreased resistance demonstrated by EIS. Reproduced with permission.?** Copyright
2015, Elsevier. (c) Schematic and SEM image of TSC-coating LFP/C. The corresponding low-
temperature electrochemical properties of samples with various content of TSC are also shown.
Reproduced with permission.?*?! Copyright 2015, Elsevier. (d) Schematic of ultrafast LFP cathode
realized by the introduction of the redox mediator. SEM image of P1-coating LFP. CV profiles and high-
rate performance of P1-coating LFP and the greatly reduced charge-transfer resistance. Reproduced

with permission.?>¥! Copyright 2020, American Chemical Society.

In addition to directly coating carbon or other conductive materials on LFP, 3D conducting
network was also proposed to improve the electrical conductivity and low-temperature
performance./?>>2¢1 Wuy et al.”®”) combined carbon coating with graphitized conductive carbon to
improve the low-temperature performance of nanoparticles LFP. Compared with pristine LFP, LFP@C,
and LFP/CNT, dual-carbon modified LFP showed improved charge/discharge stability and high capacity
retention of 71.4% RTC at -25 °C. Yang et al.[?* synthesized LiMnogFe2P04/C with DMSO assisting and
PVP as an anti-agglomeration agent. The nano PVP-LMFP/C exhibited decent low-temperature
properties with discharging capacity of 97 mAh g and a high capacity retention of 97% after 50 cycles
at 0.1C at -15 °C. Li3V,(POa4)s (LVP) with higher ionic and electrical conductivity was introduced to LFP
together with graphene-like carbon coating.>” As reported, the 0.9LFP-0.1LVP@G was able to deliver
a capacity of 118.4 mAh gat -20 °C at 0.2C.

By selective doping multi-valent cations into LFP, Li-deficient solid solutions with good electronic
conductivity could be formed.[2%-2621 |jg g9Lag 01Fe€0.9Mgo.1P0O4/CA cathode was synthesized by doping
plus carbon aerogel (CA) coating. La** and Mg?* co-doped LFP/carbon aerogel (CA) exhibited excellent
low-temperature cycling stability and rate capability, delivering a capacity of 120.3 mAh g (1 C) and
85.4 mAh g (10 C) at-20 °C.1*%3! Lj et al.1?6? investigated the effect of Ti doping on the low-temperature

performance of LFP/C. The appropriate Ti* doping reduced the size of primary particles, while the
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surface carbon network increased the electrical conductivity. Such cathode materials exhibited a

discharge capacity of 122.3 mAh g?! at 1 C and -20 °C, maintaining 76.3% of RTC. Some of the

representative low-temperature electrochemical performances of LFP were summarized in Table 5.

Table 5. A summary of strategies for LFP to improve low-temperature performance

. Electrode Low-T
strategies Electrolytes ) Ref.
configuration Performance®
1.0 M LiPFe -20°C@0.1C
q ) Huang et
Nanosize nano-LFP/C
EC/DMC 120 mAh ¢! 4] [218]
1.0 M LiPFe -20°C@0.1C
Zhou et
Carbon al.
_ 1.0 M LiPFe -20°C@0.1C
coating Zheng et
EC/DMC LFP/C 78.4% of RTC
a1 2301
1.0 M LiPFe 0°C@sc
EC/DMC LFP/C-Sn y Lin et al.[?%]
Metal 78 mAh g
1.0 M LiPFe 20 °C@0.1C
coatin . .
& EC/DMC LFP/C-Ti3SiC> 116 mAh g Cai et al.[?]
1.0 M LiPFs 0*Ce@1c
EC/EMC LFP-PAS 112 mAh g Xie et al.l?¢]
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1.0 M LiPFs -25°C@0.2C
EC/EMC/DEC LFP@C/CNT 71.4% of RTC Wu et al.[11
1.0 M LiPFs -20°C@0.1C
LFP@Graphene ‘
EC/DMC 124.4 mAh g Xie et al.[?*]
‘ nanofibers
conductive
polymers 1.0 M LiPFs 20 °C@10 C
Yang et
EC/DMC LFP/KB 78 mAh g’
D 2] [240]
1.0 M LiPF, -40 °C@0.1 C
network
EC/DMC/EMC LFP@carbon cage 87 mAh g Yao et al.[?*!]
1.0 M LiPF, -40 °C@0.5 C
LFP@coral-like
EC/DMC/DEC/EMC 120 mAh g Fan et al.[>*?]
graphene
LFP/CA
1.0 M LiPF, 20 °C@10 C
Zhang et
EC/DEC ) 4
La&Mg doping 85.4mAhg a] [249]
1.0 M LiPFs -15°C@0.1 C
nano-LiMng gFeq,P0O,/C Yang et
PC/EC/DEC 4
Multi-valent STmAng al.[244]
0°C@10C
metal doping -
LiFeo.05V0.0sPO4/C 86 mAh g Lv et al.l?*"]
1.0 M LiPFs 20 °C@1C
LFP/C Ti doping
Li et al.[>%]
EC/DEC 122.3 mAh g'!

3 half cells with Li metal as the counter electrode
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Other cathodes Thanks to the lower activation energy of Li* intercalation in LVP than that in LFP,[2%%
LVP cathode exhibits intrinsically better low-temperature performance. Carbon-coating further
improves the low-temperature performance of LVP.[2%52%! Some of the representative LVP/C
cathodes are listed in Table 6. Qin et al.?*® prepared pure phase LISICON structured LVP (r-LVP) via a
Na-Li ion-exchange process. The fast 3D Li* transport channel ensures the fast Li* diffusion within r-
LVP/C. As shown in Figure 16, r-LVP/C presented an initial capacity of 82 mAh g and 84% capacity
retention after 5000 cycles at -10 °C and a current rate of 10 C. Tai et al.’* prepared a glucose/CNT
modified LVP cathode. With the electrolyte of 1.2 M LiPFg in EC/DMC/EMC (1:1:1 by vol.) containing
vinylene carbonate (VC) and propylene sulfite (PS) additives, the Li| |LVP@CNT delivered a capacity of
116.2, 108.2, 103.7, 96.3, and 86.1 mAh g* at -20 °C under the current rates of 0.5, 1, 2, 5, and 10 C,
respectively. In addition, 97% of capacity retention after 300 cycles at -20 °C was realized,
demonstrating the high low-temperature cycling stability. As the universal methods to promote the
low-temperature performance, particle size reduction and surface coating are also applicable for

V,05,27% Se 1271 Ni-based Prussian blue,?’?, etc.

(a)

: {b) = 120dazclosc) 1c s
R W T Jemesetttersss, 20 sc | 10e b
) . w = 1004 ;;:::ﬁﬁ‘ T a1
y ‘%‘: Jaz g Jooes, e P
: E = =, S04 Bage e rnpyppt
s = Yoeed ™ "
w3 ; 601 -
.ui- : 404 : ;:;.’ bred j
ine cqquivalent Li site s E B 4 o |10 e
Sangle polemtis] plsiran 3 ] .‘E 204 o |30 -
Largs interusitial space 8 é ol T ihu“
* M Ly (Per .I', " 0 10 20 30 40
AT Cyele Number
() 1w
o~ F100 _
'H | N :E
= 80+ h—-—-ﬂl—___-_ ~
= 80 -
E ] 2
= 901 60 D
: =
E-- -lﬂ' ‘40 (¥}
L ; » Charge =
E 210 » Discharge 29 5
. z
Z 0 — ' ' ; 0 ©
0 400 800 1200 1600 2000

Cvcle Number

This article is protected by copyright. All rights reserved.

55



WILEY-VCH

Figure 16. (a) The advantages, (b) the low-temperature (ranging from -30 to 25 °C) rate (from 0.2 to
30 C) performance and (c) the long-term cycling stability of r-LVP at low temperatures (0 and -20 °C)

at 10 C. Reproduced with permission.?®8! Copyright 2018, Royal Society of Chemistry.

Table 6. A summary of strategies for LVP modification to enhance the low-temperature performance

3 half cells with Li metal as the counter electrode

O | | Electrode Low-T ;
Electrolytes Ref.
o ﬁ configuration Performance®
‘ -30 °C@0.2 C
; ‘ 1.0 M LiPFg EC/DEC/DMC (1:1:1,
vet) LVP/C Liu et al. 25!
105.7 mAh g'!
-20 °C@0.1 C
1.0 M LiPFg EC/DEC (1:1, vol.)
LVP/C 118.9 mAh g Qiao et al.[*>Z
LVP/C Teng et al.[>]
| ) 97.2% (80 cycles)
Q 1.0 M LiPFg EC/DEC/DMC (1:1:1, s0°c@o2c
vol.) r-LVP 90 mAh g Qin et al [»4]
O -20°C@10C
1.2 M LiPFs EC/DMC/EMC (1:1:1,
‘ ) vol.) +VC&PS additive LVP/CNT Ta] et al.[255]
; 86.1 mAh g’!

4. Other strategies for low-temperature batteries
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Due to the high cell resistance at low temperatures, substantial electrical energy of the LIBs would
convert to thermal energy when a current is applied. Therefore, the heat generated by the
electrochemical process can be potentially used for the internal heating of the batteries.l?”s! The
effective utilization of internal heat can be optimized through the modification of the battery

structure.

Wu et al.?”# investigated the relationship among the discharge rate, heating time, and power
consumption during constant-current discharge (CCD). Both the heating time and the power
consumption decreased exponentially as the discharge rate increased. Under a 2C discharge rate, the
commercial 18650 LIBs were heated from -10 °C to 5 °C in 280 s with less than 15% power
consumption. When a 1 C current was applied, the heating time increased to 1080 s and the power
consumption reached 30%. Wang et al.l!? firstly reported a novel LIB structure with a self-heating
module to achieve a controllable temperature by embedding a thin nickel foil inside the cell (Figure
17a), representing a breakthrough for the low-temperature battery configuration without changing
the battery chemistries. This module possessed a certain resistance and acted as an internal heating
device, which could warm the cell from -30 °C to 0 °C within 30 seconds by consuming only 5.5% of
cell capacity. Under an external environment of -30 °C, the so-called “all-climate” battery (ACB, or self-
heating lithium-ion battery, SHLB) can deliver a discharge/regeneration power of 1061/1425 W kg™ at
a 50% SOC. In the designed cell, one of the tabs of nickel foil is electronically connected to the anode
terminal, welded to the negative tabs, while the other tab is extended to the outside of battery to
form the activation terminal (ACT). The working mechanism of ACB is shown in Figure 17b.1%! The
surface temperature of the cell controls the switch connecting of ACT. At low temperatures the switch
remains closed, which allows electrons to flow through the metal foil, thus generating large amounts
of Ohmic heat to internally warm up the whole battery. Once the cell surface temperature reaches
the target value, ACT switches to open, and the heating process will be terminated. In this case, the
current bypasses the metal foil, and the battery can be used as a traditional LIB without the disruption
of its performance. In the preheating process of ACB, the heat mainly originated from the Ohmic heat
of metal foil, accounting for 78% of the overall cell heat generation on average.?’® Zhang et al.l?’””!
studied the uniformity of the internal temperature of the battery during the heating process. Due to

the insufficient heat transferring, the cell exhibited a large temperature gradient from the metal foil

This article is protected by copyright. All rights reserved.

57



Accepted Article

WILEY-VCH

to the cell surface vertically. For example, when the outer surface temperature of the battery reached
0 °C at the end of preheating, the internal metal foil has been 30 °C, which caused uneven current
distribution and an increase in heating time and power consumption. Yang et al.[?’®! added more nickel
foils in the battery and formed a multi-sheet SHLB to abate the temperature gradient (Figure 17c).
With this method, less than 5 °C temperature difference could be achieved from nickel foil to the outer
surface of the cell. Three-sheet SHLB showed an increased heating efficiency by decreasing 30% of
heating time and 27% of power consumption. Lei et al.?’® further proposed an intermittent SHLB
heating method of periodical activation and deactivation, which was proved more efficient to
decrease the temperature gradient from 10-11 K to 2-3 K. Compared to conventional low-temperature
batteries, the rapid heating feature of such design makes the SHLB battery performance more
prominent due to: (1) the preservation of fast charge/discharge performance at low temperatures.
After the short preheating time, a 9.5 Ah 170 Wh kg SHLB structure cell can be charged to 80% SOC
in 15 min at a low temperature of -50 °C.12”?! (2) Improved cycle life without Li plating. Due to the mild
temperatures within the SHLBs, lithium plating is fundamentally eliminated. Such lithium plating-free
battery withstood 4500 cycles at 3.5 C with <20% of capacity fade at 0 °C.12”°! As a promising low-
temperature LIB, SHLB exhibited rapid preheating progress, low power consumption, long cycle

lifespan and high-rate ability.

Similarly, Song et al.”®” proposed a self-heating strategy by utilizing engineered black plasmonic
air electrodes, which can effectively harvest solar energy and convert it into heat for all-solid-state
lithium-air batteries in harsh environments. Under solar light irradiation conditions, the cell
resistances could be significantly reduced even at -73 °C, and the corresponding lithium-air batteries
showed a decent cycle performance, representing an innovative photothermal strategy for lithium-air

batteries operating at low-temperature conditions.
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Figure 17. (a) The schematic of self-heating “all-climate” batteries. Reproduced with permission.!*?
Copyright 2016, Nature. (b) The working mechanism of self-heating “all-climate” batteries.
Reproduced with permission.?’>! Copyright 2016, Elsevier. (c) Sketch of multi-sheet designs for self-
heating lithium-ion battery with two-sheet design (left) and three-sheet design (right). Reproduced

with permission.!?’®! Copyright 2016, Elsevier.

5. Conclusion and Outlook

In summary, the recent research progress on low-temperature Li-ion/metal batteries, including both
the underlying mechanisms and promising strategies, has been reviewed comprehensively. A
consensus has been reached that four crucial challenges significantly restrict the performance of LIBs
at low temperatures: (1) the decline of wettability and ionic conductivity of electrolytes; (2) slow
interfacial reaction kinetics including Li* desolvation, charge transfer, and Li* transport in SEI; (3)

sluggish Li* diffusion in electrodes; (4) Li plating on the anode surface, which may cause “short
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circuits”. To overcome these tough issues, promising strategies are proposed: (i) rationally tailoring

solvents, lithium salts, and additives to elevate the low-temperature ionic conductivities, reduce the
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desolvation energy and form thin inorganic-rich SEl; (ii) doping, surface coating as well as electrode-
structure design, etc. to boost the Li* diffusion; (iii) suppressing Li plating on anodes and Li dendrite
growth; (iv) other strategies, such as self-heating and/or battery configuration optimization, to

enhance the low-temperature performance.

With decades of efforts dedicated to low-temperature Li batteries, remarkable progress has been
achieved. Some scientific or/and engineering challenges remain to be unveiled, leaving a broad room

for future developments. Some critical frontiers are envisioned as follows:

(1) It is vital to deeply understand the interfacial processes within LIBs/LMBs as the temperature
decreases, including the Li* desolvation, diffusion crossing SEl, charge transfer and inside/outside the
bulk of electrode particles. Some advanced in situ characterization methods and theoretical
calculations may help to gain atomic-level knowledge of these processes, such as in situ Raman,
nuclear magnetic resonance, cryo-electron microscopy, etc. Special attention should be given to the
desolvation process, which is recognized as the main culprit for the sluggish kinetics at low

temperatures recently.

(2) Exploring advanced low-temperature electrolytes is one of the most effective methods for
commercial battery chemistries. The low-temperature electrolytes should have a high ionic
conductivity at low temperatures, low desolvation energy to reduce the charge-transfer resistance
and form inorganic-rich SEI, which can suppress Li plating and dendrite growth at low temperatures
due to the low activation energy and high interface energy against Li of inorganic SEl. In the
commercial LIBs configurations, Li* conductivity, areal specific resistance (ASR) of SEl, and the graphite
interfacial resistance at low temperatures dominate the performance of the LIBs, all of which are
highly related to the electrolytes. How to balance the desolvation energy, freezing temperature, ionic
conductivity and ASR of SEI should be the hot topics for low-temperature LIBs. Inorganic-rich SEI
showed a low ASR due to the high ratio of ionic conductivity to electronic conductivity of LiF. In
addition, inorganic-rich SEl is highly lithiophobic, which suppresses the Li dendrite growth even if Li is
deposited on the graphite surface at low temperatures. Therefore, inorganic-rich SEl is preferred for

low-temperature electrolytes.
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(3) Building novel battery chemistries, in which the solvated Li* participate in the reactions as a
whole without desolvation, is also a promising direction for maximizing the low-temperature

performance. Yet, the energy density should be carefully considered for these new chemistries.

(4) Engineering innovations on battery configuration are also possible or even more feasible
shortcuts to improve the low-temperature performance, and therefore should be paid attention to.
Effective utilization of the heat generated in battery operation can help the battery to operate in a
favorable temperature range at low external temperatures. How to arrange the heating configurations

to minimize the cost and maximize the effect is the crux of engineering innovations.

With the optimization of the electrolytes, special design of electrode materials, plus the
configuration of cell structure, the working temperature range of Li batteries has been extensively
widened. Some of the batteries have satisfied the application requirements at low (-20 - -40 °C) or
ultra-low (such as < -60 °C) temperature conditions, although sacrificing some other properties. We
believe that the target-oriented low-temperature Li batteries will profit from the niche market as the

technology advances.
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