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ABSTRACT

Dendrite growth of lithium (Li) metal anode severely hinders its practical application, while the situation becomes more serious at
low temperatures due to the sluggish kinetics of Li-ion diffusion. This perspective is intended to clearly understand the energy
chemistry of low-temperature Li metal batteries (LMBs). The low-temperature chemistries between LMBs and traditional Li-ion bat-
teries are firstly compared to figure out the features of the low-temperature LMBs. Li deposition behaviors at low temperatures are
then discussed concerning the variation in Li-ion diffusion behaviors and solid electrolyte interphase (SEI) features. Subsequently,
the strategies to enhance the diffusion kinetics of Li ions and suppress dendrite growth including designing electrolytes and elec-
trode/electrolyte interfaces are analyzed. Finally, conclusions and outlooks are drawn to shed lights on the future design of high-

performance low-temperature LMBs.
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much higher than that of the traditional graphite anode
(3860 vs. 372 mAh-g") and the most negative electrode po-
tential (—3.04 V vs. standard hydrogen electrode)"”. An extremely
high energy density can be obtained when Li metal anode is ad-
opted in working batteries. However, the toughest challenge dur-
ing the practical application of Li metal batteries (LMBs) is Li
dendrite growth". Strategies are proposed to suppress the dend-
rite growth of Li metal anodes, including regulating electrolyte
and additive composition, adopting solid-state electrolyte,
constructing specific solid electrolyte interphase (SEI)", and
designing host framework for Li metal anode"”", etc. The validity
of most strategies is verified at room temperature, boosting the Li
utilization and lifespan of LMBs.
Batteries are required to operate at low temperatures (below
0 °C) in many practical working conditions"*”, such as electric
vehicles, space exploration, subsea, and defense applications” .
The performance of LMBs is very sensitive to the working tem-
perature since Li-ion diffusion and surface reactions are highly
temperature-dependent processes. A noticeable drop in electro-
chemical performance of batteries can be observed below 0 °C, in-
cluding specific capacity, rate capability, lifespan, duration of
charging, safety, etc™. The poor performance of Li metal anodes
operating at low temperatures can be mitigated by the addition of
external or internal heating systems™. However, this will inevit-

L ithium (Li) metal anode has a theoretical specific capacity

ably consume additional energy and increase the total system
mass, consequently sacrificing the output energy efficiency and
energy density of low-temperature batteries. Furthermore, heat-
ing strategy is easily confronted with safety issues caused by un-
even heat transfer. Hence, more efforts are required to improve
the battery chemistry via regulating the bulk and interfacial fea-
tures. The prerequisite is a deep comprehension of low-temperat-
ure battery chemistries of LMBs.

Generally, the distribution and diffusion process of Li ions near
the anode interface contribute mainly to the Li deposition behavi-
ors in LMBs. Dendrite growth is a competition consequence
between the Li-ion diffusion and surface reactions. Li-ion diffu-
sion is a rate-determining step compared with the rapid reaction
of Li jons on electrode surface, resulting in a declined Li-ion
concentration near the anode surface™. At a specific point, dend-
rite growth initiates once the concentration of Li ions on elec-
trode surface drops into zero™*. The desolvation and diffusion
process of Li ions within the SEI contributes mainly to the imped-
ance of Li-ion diffusion. This process becomes more sluggish at
low temperatures, making dendrite issue more serious and com-
plicated”.

Itis undoubtedly that the cathode will affect the battery chem-
istry in the wide temperature range and in turn affect the cycling
performance of the LMBs. On one hand, Li-ion diffusion at cath-
ode side is a temperature-dependent process, including the
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desolvation and diffusion of Li ions across the cathode interface,
and the diffusion process inside the bulk cathode. This issue is
fully investigated in Li-ion batteries with cathodes such as
LiFePO,, LiNi,Co,Mn,O,(NCM), LiCoO,, LiMn,O,, etc™*. On
the other hand, the cathode can also affect the Li deposition beha-
viors on anode side. Specifically, the cross talk between transition
metal cathode and Li metal anode will affect the deposition/strip-
ping behavior of Li dendrites™. The dissolution and diffusion of
polysulfides in Li-S batteries have considerable influence on the
anode chemistry and cell performance. Temperature variation al-
ters the dissolution and diffusion kinetics of transition metal
cations and polysulfides, consequently contributing to the Li de-
position behaviors. In addition, the compatibility of electrolytes
toward high-voltage cathode and Li metal anode is nonnegligible
when regulating electrolyte recipe for LMB full cells"”. However,
this review focuses primarily on the low-temperature anode
chemistry in LMBs. The detailed discussion on the cathode chem-
istryat low temperature is not covered considering that re-
searches on this topic are mainly conducted in Li-ion batteries or
room-temperature LMBs.

This perspective is intended to clearly understand the energy
chemistry and emerging energy materials for low-temperature
(below 0 °C) LMBs with focus on Li metal anodes. Firstly, the dif-
ferences in low-temperature chemistries between LMBs and Li-
ion batteries are compared to figure out the features of LMBs. Li
deposition features at low temperature are then discussed. Later,
the strategies in suppressing dendrite growth including designing
electrolytes and electrode/electrolyte interfaces are explored. Fi-
nally, conclusions and outlooks are drawn to shed lights on the
future design of high-performance LMBs at low temperatures.

1 Chemical features of low-temperature LMBs

Compared with the traditional Li-ion batteries, LMBs present sev-
eral differences in low-temperature battery chemistries. (1)
Solvents for low-temperature operation. In Li-ion batteries, ethyl-
ene carbonate (EC) is nearly an indispensable electrolyte com-
ponent to construct a favorable SEI on a graphite surface™.
However, EC possesses a high freezing point of 39 °C, resulting in
an inferior ionic conductivity at low temperatures. A strong co-
ordination between EC and Li ions also leads to an intrinsically
high desolvation energy barrier before Li ions intercalating into
graphite interlayers™. Instead, LMBs can be operated in an EC-
free electrolyte, providing more chances for selecting solvents with
low freezing point and superior desolvation kinetics. Specifically,
the primary solvents in lithium-sulfur (Li-S) batteries are diox-
olane (DOL) and dimethoxyethane (DME). Both of them exhibit
very low freezing points of —95 and —58 °C, respectively, offering a
high ionic conductivity of 0.4 mS-cm™ even at —80 °C**.

(2) Interfacial features at low temperatures. The SEI in Li-ion
batteries is relatively stable due to the insertion mechanism of
graphite anodes compared with the conversion mechanism in Li
metal anodes. Nonetheless, the SEI on graphite surface tends to be
unstable as temperature goes down since metallic Li starts to plate
on anode. In contrast, some unexpected phenomena are observed
in Li metal anodes. The SEI on Li metal anodes is chemically and
structurally distinct, and contains much more inorganic compon-
ents at low temperatures, such as LiF and Li,CO;""". These spe-
cies are significant in terms of stabilizing SEI layer, considering
their superior electronic insulation, high chemical stability against
organic electrolytes, and high mechanical modulus**. The inter-
faces between LiF particles can be important channels to transfer

iEnergy | VOL 1 | March 2022 | 72-81

REVIEW

Li ions and enhance the ionic conductivity in the LiF-based SEI*.
In addition, the formed SEI is found to be thinner resulting from
the lower reaction rates. Synergistically, the thinner and less
resistive SEI layers at low temperatures may lead to a reduced
charge transfer resistance through SEI'*". This is critically im-
portant as the charge transfer resistance through SEI could be one
of the limiting steps in determining the low-temperature per-
formance.

(3) Diftusion process inside the bulk anodes. In Li metal anode,
Li ions directly accept electrons on electrode surface and turn into
Li metal once they travel through the SEI layer. However, desolv-
ated Li ions across the SEI need to further diffuse inside the
graphite interlayer before they intercalate into the anode to form
Li,Cs compound in graphite anode™".. This additional step gen-
erates more diffusion barrier for Li ions, aggravating the com-
plexity of diffusion process at low temperatures.

With more choices in electrolyte components, thinner and less
resistive SEI layers formed at low temperatures, and reduced dif-
fusion process inside the bulk anodes, LMBs may potentially be
more suitable for critical low-temperature applications with high
performance and high energy density, compared with the coun-
terparts of Li-ion batteries. However, the aggregated dendrite
growth and deteriorated electrochemical performance at low tem-
peratures must be handled before the practical applications. It is
quite challenging to conquer these issues and realize low-temper-
ature application of LMBs.

2 Lideposition behaviors at low temperatures

Dendrite growth is aggravated with limited kinetics of Li-ion
transfer based on Sand’s time model. The restricted Li-ion diffu-
sion process at low temperatures leads to obviously different Li
deposition behaviors, which severely impedes the electrochemical
performance of Li metal anodes (see Figure 1)**". Firstly, Li de-
position morphology varies considerably as temperature goes
down. Smaller nucleation size and uneven Li-ion distribution at
low temperatures lead to Li deposition with a higher specific sur-
face area, resulting in more side reactions with electrolytes and de-
clined Li utilization™". At a low temperature of 170 K, the growth
speed of Li cluster is much slowed down by several orders of mag-
nitude relative to that of room temperature'™.. Secondly, largely in-
creased impedance and polarization are frequently observed at
low temperatures, contributing to only 30%-50% lifespan reten-
tion of LMBs working at room temperature. Hence, low working
temperature generates significant impacts on the Li utilization and
lifespan of Li metal anodes.

Revealing the dendrite growth mechanism is prerequisite to
improve the electrochemical performance of Li metal anodes at
low temperatures. This requires detailed analysis of potential ef-
fects that temperature could generate on every step of Li plating
process (Figure 2). Li ion from cathode undergoes the following
process successively before it gets electrons and turns into Li met-
al at anode surface™: Li ion travels across the cathode interface,
enters the bulk electrolyte, and gets solvated with anions or
solvents. Then the solvated Li ion diffuses through the electrolyte
before it enters SEI film on anode surface. Finally, it gets desolv-
ated and moves across the SEI film, followed by reacting with
electrons and transforming into Li. Notably, the mechanical prop-
erties of SEI film also influence the distribution of Li ion flux on Li
anode surface, which determines the growth direction of Li
metal”. Here comes the question: which is the rate-determining
step causing Li dendrite growth at low temperatures? Theoretic-
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Fig.1 Comparison of Li deposition behavior at different temperatures, indicating aggravated dendrite growth at low temperatures due to the sluggish diffu-

sion kinetics of Li ions (reprinted with permission from Ref. [49], © 2019 Wiley).

ally, every step in this process is temperature-dependent. Consid-
ering the reaction between Li ion and electrons, and electron
transfer process are ultra-fast, the limiting factor is focused on the
diffusion process of Li ions and mechanical properties of SEI
films™. The charge transfer resistance is primarily contributed by
the desolvation of Li ions at the interface and Li ions travelling
across the SEI film™. However, the highly active and unstable in-
terface in Li metal anodes makes it hard to determine the specific
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limiting step in LMBs. The various interfacial chemistries make
the process more complicated at low temperatures. More ad-
vanced in-situ characterization techniques are urgently requested
to exploit the interfacial properties of Li metal anodes and figure
out the limiting step at various temperatures. Notably, the feature
of SEI film is crucial to determine the interfacial process. SEI film
with a high mechanical modulus can restrain the dendrite

growth®*.
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Fig.2 Schematic diagram illustrating the diffusion process of Li ions from cathode to anode surface followed by reacting with electrons and transforming into

Li metal.

The decrease in temperature will directly affect the solvation
structure of Li ions and the properties of SEI, thereby affecting the
growth behavior of dendrites™. It is generally believed that low
temperature will increase the diffusion impedance of Li ions. Low
temperature will also slow down the reaction kinetics between Li
metal anode and electrolyte, thus generating a thinner SEI even
with an increased ion conductivity in some specific electrolyte sys-
tem™". In addition, another significant change is the increasing
percentage of inorganic components in SEI with decreasing tem-
peratures'’, rendering a higher mechanical modulus of SEI film.
Theoretically, this film should be capable of well inhibiting the
growth of dendrites). However, the uncertain influence of tem-
perature on the Li-ion solvation structure and SEI properties ex-
acerbates the complexity to unveil the dendrite growth mechan-
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ism at low temperatures.

More elaborate and targeted strategies are required to address
the aggravated dendrite growth issues at low temperatures based
on the low-temperature battery chemistry. The key of inhibiting
dendrite growth at low temperature is to enhance the ionic con-
ductivity and build a stable SEI at the interface, which can prevent
the side reactions between the electrolyte and Li metal during the
long cycles. The smaller size and higher specific surface area of
metallicLi dendrites at low temperatures inevitably render in-
creased side reactions and low Li utilization of Li metal anodes.
Furthermore, the extremely high strength of micrometer-sized Li
at low temperatures makes it more difficult to suppress its dendric
growth”. In addition, simply employing electrolytes with high
bulk ionic conductivity is insufficient to satisfy the low-temperat-
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ure battery system, since the desolvation and transport of Li ions
through the interfaces contribute a lot to the Li-ion diffusion res-
istance. All these challenges put forward higher demands in the
mechanical, conductive properties, and long-term stability of SEI
films™), as well as the solvation structures of Li ions in the
solvents”. This requires meticulously design of electrolyte recipes
and electrode structures with comprehensively considering the
above effects in order to achieve good electrochemical perform-
ance at low temperatures.

3 Strategies in boosting low-temperature per-
formance

3.1 Electrolyte design

Intuitively, the foremost strategy in boosting low-temperature
performance of LMBs is tailoring the ingredient of electrolytes,
which is facile to realize. Subtly designing electrolytes can not only
enhance the bulk ionic conductivity in a wide operating temper-
ature range, but also provide opportunities to achieve an optim-

>~

ized solvation structure of Li ions with low desolvation barriers. In
addition, the SEI features are also highly dependent on the elec-
trolyte components. Therefore, most of the published works in
boosting the low-temperature performances of LMBs focus on
regulating the constituent of electrolytes to render a high bulk
ionic conductivity, optimized solvation structure, and robust SEI
at working temperatures (Figure 3)"".

The bulk ionic conductivity of electrolytes needs to be con-
cerned when selecting appropriate electrolytes for LMBs at low
temperatures. Ensuring a high ionic conductivity of electrolytes at
low temperatures is the prerequisite to acquire LMBs which can
be efficiently operated at low temperatures. This rule is not quite
important for designing room-temperature electrolytes since most
of the non-aqueous electrolytes offer high ionic conductivity at
room temperature. However, the viscosity of the electrolyte largely
increases with the decreased temperatures, leading to a low ionic
conductivity. Optimizing the components and ratios of the
solvents is the frequently adopted strategy to reduce the freezing-
point and improve the ionic conductivity of electrolytes at low
temperatures”™”.

Poor SEI Robust SEI

(_'4 ® eV,

Lithium metal
stability

Fig.3 Therole of electrolyte design on the low-temperature chemistry of Li metal anodes including regulating the ionic conductivity of electrolyte, the solva-
tion structure of Li ions, and the properties of SEI films (reprinted with permission from Ref. [21], © 2020 Wiley).

Solvents with a low melting point are extensively adopted in
low-temperature LMBs™), such as ethyl acetate with a freezing-
point of -84 °C. Dichloromethane with a low melting point of
-95 °C is usually adopted as a diluent of highly concentrated elec-
trolytes, which has been demonstrated to be an effective co-
solvent in protecting Li metal anodes at even —70 °C". Designing
electrolytes with a high ionic conductivity usually requires solvents
possessing a high dielectric constant to efficiently dissociate Li ions
from the anions and achieve a high Li-ion concentration in the
electrolyte. However, the high dielectric constant of solvents in-
duces strong binding between Li ions and the solvent molecules,
consequently leading to a large desolvation barrier of Li ions at the
interfaces and reduced Li-ion transference number in electrolyte.
The high dielectric constant also strengthens the dipole-dipole
force within the highly polar molecules, resulting in an elevated
freezing temperature of electrolytes. All these effects may deteri-
orate the low-temperature performance of working batteries™.
The recipe meeting both features varies depending on the tem-
peratures. Hence, it is challenging to design non-aqueous electro-
lytes with high ionic conductivity in a wide temperature range.

As mentioned above, only regulating the bulk ionic conductiv-
ity of electrolytes is far from adequate to achieve a high-perform-
ance low-temperature battery. The solvation structures of Li ions
and SEI features also need to be considered since the desolvation
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and transport of Li ions through the interfaces could be the rate-
limiting steps. A poorly solvating solvent is preferred to acquire a
week coordination between Li ions and surrounding solvent mo-
lecules or anions, thus ensuring a relatively low desolvation en-
ergy and charge transfer resistance”. Recently, Holoubek et al.
confirmed that the local solvation structure of Li ions dictates the
low-temperature performance of LMBs by comparing diethyl eth-
er (DEE) with DOL/DME control electrolyte after excluding the
contribution of ionic conductivity and SEI compositions™. A
much lower binding energy between Li ions and DEE (-280
kJ-mol™) relative to that of DOL/DME system (—414 kJ-mol™)
renders uniform Li deposition behavior and a high Coulombic ef-
ficiency of 98.4% at even —60 °C.

To handle the issues of the strong coordination between
solvents and Li ions, Fan et al. constructed a superelectrolyte with
a high ionic conductivity by dissolving the all-fluorinated electro-
lytes into the highly fluorinated non-polar solvents (Figure 4(a))".
In the electrolyte, the affinity between Li ions and the non-polar
solvents is much weaker than that of Li ions and fluorinated car-
bonates. The non-polar solvents can effectively break the strong
binding between the highly polar molecules, which can efficiently
increase the Li-ion transference number. The weakly-solvating
electrolyte can also affect the components of SEI (Figure 5)". As
the solvation ability of Li ions decreases, the anion content in the
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solvated inner layer increases, and the interface chemistry exhibit a
transition from a solvent-dominated to anion-dominated process.
The anion-induced SEI is a homogeneous structure dominated by
inorganic products with a significantly reduced Li-ion diffusion
barrier. This can effectively increase the diffusion kinetics at low
temperatures.
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The electrolyte researches for Li batteries mostly focus on liquid-
based systems because of the relatively high ionic conductivity at
room temperature. However, the high melting point leads to de-
creased jonic conductivities at low temperatures. Recently, the
fluoromethane (CH,F)-based liquefied gas electrolytes presented a
superior electrochemical performance even down to —60 °C (Fig-
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Fig.4 Designing electrolytes with optimized solvation structure to render a low desolvation barrier and high ionic conductivity at low temperatures. (a) The

interactions between Li ions and solvents in fluorinated electrolytes with non-polar

solvents (reprinted with permission from Ref. [74], © The Author(s), under ex-

clusive licence to Springer Nature Limited 2019). (b) Variation of electrolytic conductivity and pressure with temperature of liquefied gas electrolytes (reprinted with
permission from Ref. [76], © 2017 The American Association for the Advancement of Science ). (c) The solvation structure of liquefied gas electrolytes (reprinted with

permission from Ref. [77], © The Royal Society of Chemistry 2020).
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Fig.5 The solvation structures of Li ions and corresponding interfacial chemistry in various electrolytes. SCE: superconcentrated electrolyte, LSCE: localized
superconcentrated electrolyte, WSE: weakly solvating electrolyte (reprinted with permission from Ref. [78], © 2020 Wiley).
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ure 4(b))™. The high ionic conductivity at low temperatures is
originated from the low boiling/melting point and low viscosity of
liquefied gas electrolytes. The salt solubility and ionic conductivity
are further elevated by introducing tetrahydrofuran (THF) as a
cosolvent, which facilitates high desolvation kinetics (Figure
4(c))". However, such a superior performance at low temperat-
uresis obtained by sacrificing safety at room temperature, be-
cause the batteries with liquid gas have to be protected with ex-
tremely sophisticated equipment to maintain the high pressure of
tens of bars.

The most significant change with the decreasing temperatures
lies in the kinetics of Li-ion diffusion”™!. In this regard, regulating
electrolyte components to achieve a high ionic conductivity at low
temperatures is a facile solution®*!. The interaction between Li
ions and solvents/anions also needs to be considered to realize a
rapid desolvation and diffusion process at the interfaces. This
concept is also suitable for designing electrolytes for all the batter-
ies operating at low temperatures besides LMBs. In addition, the
compatibility of electrolytes toward high-voltage cathode and Li
metal anode needs to be concerned to construct stable
cathode/anode interfaces simultaneously in LMB full cells.

3.2 SEI design

Besides the retarded diffusion kinetics in the electrolyte, the oper-
ating temperature also has obvious effects on the structure and
chemistry of SEL It was found that in conventional carbonate es-
ter electrolytes, the —15 °C operation renders the SEI highly crys-
talline and inhomogeneous with Li,COs;-dominant structure®,
while in ether electrolyte, the —40 °C operation leads to a SEI layer
with more highly-crystalline LiF and less polymer species (Figure
6(a))*. The distribution of SEI components in depth and across
the entire surface also differs with the varying temperatures™. The
structure, components, thickness, and ionic conductivity of SEI
film are largely altered as the temperature goes down, which de-
termines the nucleation and deposition behaviors of Li metal an-
odes!"*,

The sluggish diffusion kinetics of Li ions across the SEI results
in rapid depletion of Li ions at the interface, triggering early initi-
ation of Li dendrites at low temperatures (Figure 6(b))*. Improv-
ing the ionic conductivity of SEI is critically important for the effi-
cient operation of low-temperature Li metal anodes. Xijao et al.
regulated the interfacial chemistry by introducing a multifunc-
tional high-donor-number solvent, tris(pyrrolidinophosphine)
oxide (TPPO) into carbonate electrolyte™. LiNO; iseasily dis-
solved caused by the strong binding between TPPO and Li ions,
forming a Li;N-rich SEI with high ionic conductivities. This ro-
bust SEI enables stable operation of LMBs in the temperature ran-
ging from —15 to 70 °C. An all-fluorinated ester electrolyte was
constructed to form a fluorine-rich SEI, which provides high ca-
pacities of 161, 149, and 133 mAh-g" of Li|[NCM811 cell operat-
ing at —40, —50, and —60 °C*".

The SEI components can be facilely tailored through the em-
ployment of different solvents and Li salts®. However, the uncer-
tainty and complexity of SEI properties varying with the temper-
atures make it tough to precisely control the SEI chemistry by
simply regulating electrolytes. In this case, ex-situ artificial SEI is
an alternative strategy to boost the ionic conductivity of SEI™.
Gao et al. constructed self-assembled monolayer of 1,3-benzene-
disulfonyl fluoride (EAM) as an artificial SEI film to stabilize Li
metal anodes at low temperatures®. This artificial SEI layer can
regulate the interfacial components by forming amorphous LiF
nuclei, which can increase the ionic conductivity and guide uni-
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Fig.6 Temperature dependence of SEI features as well as their impacts on
the Li diffusion kinetics within SEI and Li deposition behaviors. (a) The
structure and chemistry of SEI formed at 20 and —40 °C in an ether-based elec-
trolyteand their corresponding Li deposition behaviors (reprinted with per-
mission from Ref. [41], © 2019 American Chemical Society). (b) The effectf
temperature on the variation of SEI thickness and initiation of Li dendrites (re-
printed with permission from Ref. [87], © 2020 The Author(s) ).

form Li nucleation”™"”. The multilayered artificial SEI with a LiF-
rich inner phase and an amorphous outer layer renders stable Li
deposition behavior at a low temperature even to —60 °C
(Figure 7).

SEI film on Li metal anode is critically important in determin-
ing Li deposition behaviors'>*!. The structure and chemistry of
SEI affect Li-ion transport properties, further acting on the nucle-
ation and deposition of Li metal”*”. The mechanical features of
SEI also have effects on the growth tendency of Li dendrites """\
Noteworthily, most of the published works on SEI regulation at
low temperatures mainly focus on its conductive properties, while
more attentions are necessary to figure out the relationships with
Li dendrites.

4 Conclusion and outlook

At present, the researches on the dendritic growth behavior of low-
temperature Li metal anodes are still in the infancy, and the ef-
fects of temperature variation on the ionic diffusion features and
interfacial properties of Li metal anodes are not yet clear. More
severe dendrite growth at low temperatures happens compared
with Li metal anode operating at room temperature. It is neces-
sary to deeply understand the low-temperature battery chemistry
in order to inhibit the dendrite growth and achieve LMBs with
high specific energy density and long lifespan at low temperatures.
Electrolyte and SEI design are predominantly conducted to en-
hance the Li-ion diffusion kinetics and suppress dendrite growth.
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Most of the previous researches focus on handling the issues of
impeded kinetics at low temperatures similar with that in Li-ion
batteries. Specifically, the weakly-solvated electrolyte is designed to
improve the ionic conductivity of electrolytes and facilitate the
desolvation process at the interfaces. SEI with more inorganic
constituents and Li-ion diffusion channels is designed to improve
its ionic conductivity.

Notably, stable and uniform Li deposition behaviors during the
long-term cycling cannot be guaranteed with only the enhanced
diffusion of Li ions. SEI with high modulus and high elasticity is
also necessary to sustain the long-term stability of interfaces and
suppress dendrite growth during the whole service time of work-
ing LMBs. In this respect, host framework design is also an indis-
pensable solution, since the skeleton provides space for Li depos-
ition, thus mitigating the volume fluctuation of electrodes and fa-
cilitating the stability of SEI during repeated charge/discharge
process. Furthermore, the lithiophility and conductivity of the
host can be tuned to offer ideal diffusion kinetics and uniform Li
ion flux on electrode surface at low temperatures'*. Some other
strategies in restricting dendrite growth at room temperature are
also potential choices in regulating the low-temperature electro-
chemical processes, such as employing Li alloy anode with a high
ionic conductivity!", altering charge protocol to alleviate the Li-
ion depletion on electrode surface™", etc. The performance of
low-temperature LMBs will be remarkably improved through the
synergy of multiple strategies.

Although challenges remain for the practical applications of
LMBs even at room temperature due to the poor lifespan, it is still
imperative to get insight into the low-temperature battery chem-
istry of LMBs. On one hand, the feasibility of room-temperature
strategies in protecting Li metal anodes at low temperature is a
mystery considering the unique battery chemistry depending on
the temperatures. On the other hand, the investigation on the low-
temperature battery chemistry in LMBs can also provide guid-
ance for developing high-performance room-temperature LMBs
and addressing dendrite plating issues of Li-ion batteries at low
temperatures. The most pressing issue in exploiting low-temper-
ature LMBs is to reveal the interfacial chemistry and its evolution
process with the varying temperatures considering the intrinsic-
ally limiting kinetics at electrode/electrolyte interfaces™'". There-
fore, exploiting advanced characterization techniques is imperat-
ive to uncover the interfacial features at different temperatures and
unveil the mechanisms of aggravated dendrite growth at low tem-
peratures. This facilitates a rational and targeted design of energy
chemistry and materials in LMBs to achieve superior low-temper-
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ature electrochemical performances. Ultimately, high-energy-
density LMBs with a wide operation temperature range can meet
the demands in many performance-critical applications.
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