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All-temperature batteries enabled by fluorinated
electrolytes with non-polar solvents
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Carbonate electrolytes are commonly used in commercial non-aqueous Li-ion batteries. However, the high affinity between the
solvents and the ions and high flammability of the carbonate electrolytes limits the battery operation temperature window to
—20 to + 50 °C and the voltage window to 0.0 to 4.3 V. Here, we tame the affinity between solvents and Li ions by dissolving
fluorinated electrolytes into highly fluorinated non-polar solvents. In addition to their non-flammable characteristic, our elec-
trolytes enable high electrochemical stability in a wide voltage window of 0.0 to 5.6 V, and high ionic conductivities in a wide
temperature range from —125 to + 70 °C. We show that between —95 and + 70 °C, the electrolytes enable LiNi, 3Co,,5Al, 50,
cathodes to achieve high Coulombic efficiencies of >99.9%, and the aggressive Li anodes and the high-voltage (5.4 V) LiCoMnO,
to achieve Coulombic efficiencies of >99.4% and 99%, respectively. Even at —85 °C, the LiNi, ;Co,sAl, .50, || Li battery can still

deliver ~50% of its room-temperature capacity.

n recent decades, the number of electric vehicles has expanded
exponentially due to the significant reduction in cost of Li-ion
batteries (LIBs)'-®. More than 60% of manufactured LIBs have
been deployed in applications in transportation electrificaiton’'.
Hybrid and electrical vehicles urgently call for high-energy LIBs
that are safe and capable of operating over a wide operational tem-
perature range'®"'. Commercial Li-ion batteries with ethylene car-
bonate (EC)-based electrolytes can only operate in the temperature
range —20 to +5°C. In addition, EC-based electrolytes are highly
flammable, which could cause fires or even explosions under harsh
operational and abuse conditions. Extensive efforts have been
devoted to expand the operational ranges of Li-ion batteries. The
most successful methods are: adding small amount of additives
in the electrolytes'>', externally heating and insulating the cells"”
and self-heating the cell'>'°. However, these strategies also reduce
the energy and power density of the LIBs. The use of liquefied CO,
and fluoromethane gas as an electrolyte enables the Li-ion battery to
retain ~60% of its room-temperature capacity at -60 °C (ref. "), rep-
resenting a breakthrough in low-temperature Li batteries. However,
such a low-temperature performance was achieved by sacrificing
safety at room temperatures, since the batteries have to be protected
by sophisticated protective structures due to high pressures of tens
of bars. The —70°C LIB was developed by using the low melting
point of ethyl acetate-based electrolytes, but the poor stability of
the ethyl acetate severely limits the voltage of the battery, to only
~2V (refs. '*"). Broadly speaking, electrolytes that have good elec-
trochemical performance at low temperatures normally deteriorate
at high temperatures because the low melting temperature solvents
normally also have high volatility, limiting their high-temperature
behaviour. In addition, these low-temperature electrolytes are
normally flammable. The narrow temperature windows of Li-ion
battery electrolytes are attributed to the strong affinity between sol-
vents and Li ions, which is required for high ionic conductivity.
Herein, we tamed the affinity between solvents and Li ions by
dissolving the fluorinated carbonate electrolytes (LiFSI-FEC/FEMC

or LiBETI-FEC/DEC; LiFSI, lithium bis(fluorosulfonyl)imide;
LiBETT, lithium bis(pentafluoroethanesulfonyl)imide; DEC, diethyl
carbonate; FEC, fluoroethylene carbonate; FEMC, methyl (2,2,2-tri-
fluoroethyl) carbonate) into non-polar stable solvents (tetrafluoro-
1-(2,2,2-trifluoroethoxy)ethane (D2) or methoxyperfluorobutane
(M3)). The designed electrolyte exhibits a high ionic conductivity
in a wide temperature range from —125 to +70°C, a high electro-
chemical stability in a wide potential window of 0.0-5.6V and a
high non-flammable characteristic. Even at an ultralow tempera-
ture of —85°C, the LiNij4Co,,5Al) (0, || Li battery can still deliver
a capacity of 96 mAh g, which is more that 50% of the reversible
capacity at room temperature.

Taming the electrolytes

To achieve high ionic conductivity, the solvents should have a high
dielectric constant (g) to sufficiently dissociate the Li ions from
the anions. However, this requirement leads to several detrimen-
tal physical or chemical characteristics, and significantly restricts
the electrochemical performance of the batteries.”® First, the high
dielectric constant means strong affinity between the solvent mol-
ecules and the Li ions, and therefore the desolvation process on
the electrode surface is suppressed, limiting the Li-ion intercala-
tion kinetics'®. Second, strong binding of the Li ions to the solvents
reduces the Li-ion transference number to 0.2-0.4 (ref. *). Third,
the high dielectric constant of the solvents inevitably enhances the
dipole-dipole force among these highly polar molecules, increas-
ing the freezing temperature of the solvents and thus reducing the
low-temperature performance of the electrolytes. All of these intrin-
sic features pose long-standing challenges in non-aqueous electro-
lytes, limiting the voltage window, the liquid temperature range
and safety.

All-fluorinated, non-flammable electrolytes have high ionic con-
ductivity and a wide electrochemical stability window”'. However,
Li-ion batteries using these all-fluorinated electrolytes cannot work
at temperatures below —30°C due to the high affinities between the
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Fig. 1| Electrolyte design strategy and the properties. a, Our electrolyte
uses a non-polar solvent (D2 or M3, denoted by the purple curves) to
tame the fluorinated carbonate electrolytes. The transparent blue spheres
indicate the Li-ion solvation structure. The purple, positive-charged spheres
indicate the Li ions. The brown, negative-charged spheres are anions.

The solvated solvents with brown crescent shapes around the Li ions are
the fluorinated carbonate solvents. b, The affinities between the solvents
and ions. The Liions and fluorinated carbonate solvents have a strong
interaction (indicated by the solid red arrow), while the other three
species have weak interactions between each other (dashed arrows).

¢, The non-flammable and high electrochemical stability requirements for
the non-polar solvent in the superelectrolyte. The non-polar solvents are
non-flammable and can withstand an extremely high voltage of 5.6 V.

d, The expected electrochemical process at the electrode and electrolyte
interface of the tamed electrolyte. In the bulk electrolyte, the Li ions will
be solvated by fluorinated carbonate molecules and anions. At the surface
region, the solvated Li ions will separate from the anions by means of

the electric field. As the Li ions arrive at the surface of the electrode, the
fluorinated carbonate molecules will finally be desolvated.

fluorinated solvents and the Li ions. To achieve a wide operational
temperature range, we reduced the affinities between the solvents
and the Li ions by dissolving the all-fluorinated electrolytes into
highly fluorinated non-polar solvents, forming a superelectrolyte,
as shown in Fig. 1a. The solvation structures of the all-fluorinated
electrolyte are maintained in the electrolyte, since the interaction
between the non-polar solvents and the Li ions was much weaker
than that of Li ions and fluorinated carbonates, as illustrated in Fig.
1b. The non-polar solvents break the strong interaction between
the highly polar molecules, widening the liquid-phase range and
increasing the transference number. Therefore, the superelectro-
lytes maintain the electrochemical properties of the all-fluorinated
electrolyte, but have significantly enhanced physical properties.
Moreover, the highly fluorinated non-polar solvent itself also
has a high electrochemical and chemical stability (Fig. 1c), fur-
ther enhancing the safety and electrochemical potential window.
The change of solvation structure in the superelectrolytes is also
expected to improve the electrochemical process, including mass
transfer and charge transfer (Fig. 1d).

To demonstrate the design principle for the electrolytes, 4.2M
LiFSI-FEC/FEMC and 2.33 M LiBETI-FEC/DEC were used as two
model fluorinated electrolytes, and D2 and M3 were selected as two
non-polar solvents to formulate the superelectrolytes. Specifically,
1.28 M LiFSI-FEC/FEMC-D2 electrolyte was prepared by dissolving
of 4.2 M LiFSI-FEC/FEMC electrolyte into D2 solvent. The concen-
tration of 1.28 M refers to all FEC, FEMC and D2 solvents. Similarly,
0.7M LiBETI-FEC/DEC-M3 electrolyte was also prepared by dis-
solving 2.33 M LiBETI-FEC/DEC electrolyte into M3. Although no
salts can be dissolved into pure D2 and M3, the 4.2 M LiFSI-FEC/
FEMC and 2.33 M LiBETI-FEC/DEC electrolytes can be completely
dissolved in D2 and M3, forming clear 1.28 M LiFSI-FEC/FEMC-
D2 and 0.7M LiBETI-FEC/DEC-M3 electrolytes, respectively. To
distinguish from 1M LiPF-EC/DMC (DMC, dimethyl carbon-
ate) electrolyte, we use dash ‘-’ to express the process of electrolyte
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dissolution into D2 or M3 non-polar solvent in 1.28 M LiFSI-FEC/
FEMC-D2 and 0.7 M LiBETI-DEC/FEC-M3 electrolytes.

The fluorinated polar carbonate solvents in the superelectro-
lyte can sufficiently solvate the Li ions, providing high conductiv-
ity of the electrolyte. Meanwhile, the highly fluorinated non-polar
solvents of D2 and M3 have a much lower molecular interaction,
breaking the interactions between the fluorinated carbonate elec-
trolyte and ensuring a wide liquid-phase temperature range, low
viscosity and low Li* desolvation energy. When 4.2 M LiFSI-FEC/
FEMC and 2.33M LiBETI-FEC/DEC electrolytes were dissolved
into a non-polar solvent (D2 or M3), the ion transport and other
electrochemical properties mainly depended on the dissolved
carbonate electrolyte (4.2 M LiFSI-FEC/FEMC or 2.33 M LiBETI-
FEC/DEC), while the physical and chemical properties (such as
freezing point, boiling point, flammability and Li-ion solvation/
desolvation energy) essentially depended on the interactions
between the dissolved electrolyte (4.2M LiFSI-FEC/FEMC or
2.33M LiBETI-FEC/DEC) and the non-polar solvents (D2 or M3).
Disassociating the electrochemical properties from these physical
and chemical properties can simultaneously achieve high-voltage
stability and wide temperature windows, low viscosity and high
ionic conductivity.

Physical and electrochemical properties of the electrolytes
Figure 2a shows the ionic conductivities of two superelectrolytes
(1.28 M LiFSI-FEC/FEMC-D2 and 0.7 M LiBETI-FEC/DEC-M3),
two representative liquid electrolytes (1 M LiPF,-EC/DMC commer-
cial electrolytes and 4.2M LiFSI-FEC/FEMC high-concentration
electrolytes) and two typical solid-state electrolytes Li,La,Zr,O,,
(LLZO)* and Li,,GeP,S,, (LGPS)*. Since the ion transport of the
three liquid electrolytes (1.28 M LiFSI-FEC/FEMC-D2, 0.7M
LiBETI-FEC/DEC-M3 and 4.2 M LiFSI-FEC/FEMC) is controlled
by the mobility of the solvated molecules, the conductivity of these
liquid electrolytes at different temperatures can be well described
by the Vogel-Tammann-Fulcher empirical equation, as shown in
Supplementary Fig. 1 (refs. ***°). The conductivities of crystalized
1.0M LiPF,-EC/DMC below —20°C, LLZO and LGPS electrolytes
follow the Arrhenius law. The conductivity of 1M LiPF,-EC/DMC
electrolyte under —20°C was fitted with the Arrhenius equation
(Supplementary Fig. 1). Supplementary Table 1 lists the fitting
parameters and calculated ionic conductivities of four liquid elec-
trolytes. The crystallization of the 1M LiPF,-EC/DMC electrolyte
and the solidification of 4.2 M LiFSI-FEC/FEMC due to a high glass
transition temperature T, significantly reduced the conductivities of
the 1 M LiPF,-EC/DMC electrolyte and 4.2 M LiFSI-FEC/FEMC to
less than 107 mScm™ at —80 °C (Supplementary Table 1).

The introduction of D2 into 4.2 M LiFSI-FEC/FEMC, and of M3
into 2.33M LiBETI-FEC/DEQC, slightly reduces the ionic conduc-
tivities of these electrolytes at room temperature. However, D2 and
M3 can effectively suppress solidification of both liquid electrolytes,
thus significantly enhancing the ionic conductivity of electrolytes at
low temperatures. The conductivities of 1.28 M LiFSI-FEC/FEMC-
D2 and 0.7M LiBETI-FEC/DEC-M3 electrolytes at temperatures
below —20°C are 50 times higher than that of LLZO. In addition, the
superelectrolytes have much lower interface resistance, higher fluid-
ity and wider electrochemical windows than conventional carbon-
ate electrolytes (Supplementary Fig. 3) and solid electrolytes (LLZO
and LGPS)**”. In conventional electrolytes, Li cations are coordi-
nated with solvent and form a large solvation shell, reducing the
mobility of the solvated Li cations, with a low transference number
of 0.2-0.4. In superelectrolytes, the Li cations are solvated with less
solvent molecules and meanwhile the anions are seriously dragged
by the Li cations, which results in an unexpectedly high Li-ion trans-
ference number of ~0.7. At the extreme temperature of —80°C, the
conductivities of 1.28 M LiFSI-FEC/FEMC-D2 and 0.7 M LiBETI-
FEC/DEC-M3 electrolytes are still >1Xx107mScm™, which is ten
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Fig. 2 | Physical properties and simulated structure of the superelectrolytes. a, Conductivity of liquid and solid electrolytes. b, Temperature dependence
of the magnetic moment of the four different electrolytes measured in a superconducting quantum interference magnetometer device in an applied field
of TmT. The freezing points of the electrolytes (as indicated by the arrows) can be determined by the transition point. The cooling rate is 1°C min~. ¢, cMD
simulated electrolyte structure for 1.28 M LiFSI-FEC/FEMC-D2. 125 LiFSI, 234 FEC, 280 FEMC and 793 D2 molecules were dissolved into a periodic box
(65.1x65.1x65.1A3). Li* ions and coordinated molecules (within 3 A of Li* ions) are depicted by a ball-and-stick model, while the wireframes stand for the
free solvents. Free D2, FEC and FEMC molecules are shown as cyan, blue and red wireframes, respectively, whereas hydrogens are excluded in the LiFSI-
FEC/FEMC-D2 electrolyte. d, The representative Li* solvation structure extracted from the cMD simulations.

28,29

times higher than that of LiPON at room temperature’*”, and suf-
ficient to transport the ions between the anodes and the cathodes.
The high ionic conductivities of 1.28 M LiFSI-FEC/FEMC-D2
and 0.7M LiBETI-FEC/DEC-M3 electrolytes at low temperatures
are attributed to the extremely low melting point (Fig. 2b). The
freezing points of these superelectrolytes were measured using a
magnetic property measurement system (MPMS)* from discon-
tinuity of dy/dT, where y is the magnetic susceptibility and T the
temperature (Supplementary Notes), as shown in Fig. 2c. The 1M
LiPF,-EC/DMC electrolyte begins to freeze at about —15°C, which
is in good agreement with the differential scanning calorimetry
(DSC) scan in Supplementary Fig. 4 and the freeze temperature
reported in the literature®. The 4.2 M LiFSI-FEC/FEMC electrolyte
shows a phase transition at an even higher temperature (~0°C) due
to the high freezing points of FEC (~22°C) and FEMC. The high
freezing points of the two electrolytes (1M LiPF-EC/DMC and
4.2M LiFSI-FEC/FEMC) coincide with their sudden drop in con-
ductivity below —15°C, as shown in Fig. 2a. Dissolving the 4.2M
LiFSI-FEC/FEMC electrolytes into D2 and the 2.33 M LiBETI-FEC/
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DEC into M3 dramatically lowers the freezing points of these two
electrolytes to approximately —125°C and approximately —132°C,
respectively. No deposits or phase separations emerge in these two
electrolytes after being fully immersed in liquid at —95°C for 3h
(Supplementary Figure 5).

The 1.28M LiFSI-FEC/FEMC-D2 and 0.7M LiBETI-FEC/
DEC-M3 electrolytes also show low volatility at a high temperature,
which is critical for the high-temperature performance of cells. As
shown in Supplementary Fig. 6, the 1.28 M LiFSI-FEC/FEMC-D2
and 0.7 M LiBETI-FEC/DEC-M3 electrolytes show a volatility com-
parable to conventional the 1M LiPF,-EC/DMC electrolyte. The
remaining mass of the electrolytes is higher than 50% as the tem-
perature ramps up to 100°C at 1.0 atm, and the residual mass will be
significantly increased in a sealed cell due to the increased pressures.
In addition, the much higher fluorine content in 1.28 M LiFSI-FEC/
FEMC-D2 and 0.7M LiBETI-FEC/DEC-M3 electrolytes than in
the 1M LiPF-EC/DMC electrolyte significantly increases the LiF
content in the solid electrolyte interphase (SEI) and cathode elec-
trolyte interphase (CEI) (as discussed below), which will further
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increase the high-temperature stability of batteries due to the high
thermal stability of the LiF-rich SEI/CEI and the lower solubility
compared with organic-rich SEL

The electrolytes 1.28 M LiFSI-FEC/FEMC-D2 and 0.7M
LiBETI-FEC/DEC-M3 electrolytes have wide temperature ranges
of over 160°C, which is comparable to the temperature range for
the LGPS solid electrolyte”. However, the narrow thermodynamic
stability window of LGPS (<0.5 V) limits its practical application in
batteries”’. Moreover, these liquid superelectrolytes have low inter-
face resistance to the electrode and are capable of accommodating
volume changes of the electrodes, which is not possible for LGPS
solid electrolytes.

The structures of 1.28 M LiFSI-FEC/FEMC-D2 and 0.7M
LiBETI-FEC/DEC-M3 (Fig. 2¢,d and Supplementary Figs. 7-9)
superelectrolytes were simulated by classical molecular dynam-
ics (cMD). The Li* and coordinated molecules in the first shell are
depicted with a ball-and-stick model, while the free molecules are
in a wireframe format. The coordinated structures are uniformly
dispersed in each electrolyte, as we expected. The D2 and M3 are
free solvent molecules, and do not coordinate with either the Li ions
or the anions (Supplementary Table 2). Raman spectra confirmed
that LiFSI-FEC/FEMC and LiBETI-FEC/DEC solvation clusters
are uniformly dispersed into the D2 or M3 non-polar solvents
(Supplementary Fig. 10). In other words, when 4.2M LiFSI-FEC/
FEMC and 2.33M LiBETI-FEC/DEC electrolytes were dissolved
into a non-polar solvent (D2 or M3), the electrochemical proper-
ties of the 1.28 M LiFSI-FEC/FEMC-D2 and 0.7M LiBETI-FEC/
DEC-M3 electrolytes were disassociated from the physical and
chemical properties. In addition, the fluorinated polar carbonate
solvents, highly fluorinated non-polar solvent and the LiFSI/LiBETI
salts facilitate the formation of a LiF-rich SEI, and thereby enhance
the high-temperature stability, maximizing the working electro-
chemical window.

The Li* solvation/desolvation energies of the conventional car-
bonate electrolyte and the disassociated electrolytes were calculated
and are compared in Fig. 3a. The low ion-desolvation energy in the
electrolytes is critical for the kinetics performance because the sol-
vent molecules around Li* have to be completely stripped off before
intercalation into the electrode materials. Especially at a low tem-
perature, the sluggish desolvation process of Li* substantially lim-
its lithiation/delithiation reaction kinetics'®. For the EC/DMC (3:1
molar) electrolyte, the solvation energy calculated from quantum
chemistry is about —9.05kcalmol™’, which is in good agreement
with the literature. As the solvent blend changes to FEC/FEMC
and FEC/DEC at a ratio of 1:3, the solvation energy dramatically
reduces to —1.26 and —0.33kcal mol™, which is only about 1/7 and
1/27 of the traditional EC/DMC (3:1 molar) electrolytes, respec-
tively. By introducing FEC/FEMC or FEC/DEC polar solvents into
non-polar solvent D2 or M3, complexes involved with D2 and M3
molecules further reduce the solvation energy to a positive value
due to the weak interaction between Li* and D2 or M3 solvent mol-
ecules. The increase in positive solvation energy value with increase
in the number of D2 or M3 molecules suggests that the interaction
is energetically unfavourable for the Li* ion and D2 or M3 pair.

The structure and composition of the electrolytes not only affect
the desolvation and diffusivity of the Li ions, but also change the
SEI on the electrodes. The interphase layers on the electrodes also
affect the reaction kinetics and cycle stability of the batteries. The
SEI composition on the Li metal in 1.28 M LiFSI-FEC/FEMC-D2 is
significantly different from that in the 1 M LiPF,-EC/DMC electro-
lyte. The SEI in the 1M LiPF,-EC/DMC mainly consists of organic
components, while the SEI film in the 1.28 M LiFSI-FEC/FEMC-
D2 electrolyte is mainly composed of LiF-rich inorganic species
(Supplementary Fig. 11). More specifically, the F:C atomic ratio in
the SEI increases from 0.65 in the 1 M LiPF,-EC/DMC, to 9.98 in
the 1.28 M LiFSI-FEC/FEMC-D2 electrolyte. The LiF-rich SEI has
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high mechanical strength and high interfacial energy with Li metal,
which can effectively suppress the Li dendrite, thus enhancing the
Coulombic efficiency (CE) of Li plating/stripping”**. The LiF-rich
SEI also has a much higher thermal stability than organic-rich SEI
at a high temperatures, which significantly enhances the high-tem-
perature (60-70°C) stability of the NCA (LiNi,;Co,;5Al,0;0,)]| || Li
cell, as discussed below. The extremely low electronic conductiv-
ity of LiF significantly reduces the thickness of the LiF-rich SEIL as
evidenced by the appearance of Li metal within in a short sputter-
ing time of SEI, as shown in Fig. 3b. The Li metal signal appears
after only 5 min sputtering with Ar* on the SEI formed in the 1.28 M
LiFSI-FEC/FEMC-D2 electrolyte (Fig. 3b). However, the Li metal
signal does not show up until after 20min sputtering of the SEI
formed in the 1 M LiPF,-EC/DMC electrolyte (Fig. 3c). Therefore,
a thin and conformal LiF-rich SEI was formed on Li in the 1.28 M
LiFSI-FEC/FEMC-D2 electrolyte, while a thick organic-rich SEI
was formed on Li in the LiPF,-EC/DMC electrolyte, as schemati-
cally demonstrated in Fig. 3d,e. Formation of the LiF-rich SEI in the
1.28 M LiFSI-FEC/FEMC-D2 electrolyte can be well explained by
the cMD simulation of special solvation structures where most of
the Li* cations (>99%) are partially coordinated with more than two
ESI™ anions (Supplementary Table 2), enabling more FSI~ to partici-
pate in the SEI-forming reaction (Supplementary Fig. 12). Similarly
to the SEI layer, the CEI layer is also mainly composed of inorganic
species (Supplementary Fig. 13). These LiF-rich interphases bring
several other benefits:*>** the Arrhenius behaviour of ionic con-
ductivity for LiF-rich interphases enhances the ionic conductivity
at low temperatures and the high thermal stability of the LiF-rich
interphases improves the high-temperature electrochemical perfor-
mance of both the anode and the cathode.

Low-temperature behaviour

The formation of the LiF-rich SEI on Li anodes in the 1.28 M LiFSI-
FEC/FEMC-D2 electrolytes significantly increases the Li plating/
stripping CE to 99.4% (Supplementary Fig. 14), which is one of the
highest CEs reported so far for Li plating/striping®. Figure 4a-e
shows the electrochemical performance of the NCA || Li coin cells in
different electrolytes at an area capacity of ~1.2mAhcm™ The spe-
cific capacity and current density are calculated from the mass of the
active cathode materials. At room temperature (25 °C), the discharge
capacities of NCA || Li cells in both 1 M LiPF-EC/DMC and 1.28 M
LiFSI-FEC/FEMC-D2 are about 172mAhg™". However, when the
temperature is reduced to —42°C, the NCA||Li cells in 1.28 M
LiFSI-FEC/FEMC-D2 electrolyte can still provide a high capacity
of 160mAhg™!, while the NCA || Li cells in the 1 M LiPF,-EC/DMC
electrolyte can only provide a capacity of 13.3mAhg™". The rapid
decay in capacity of NCA || Li cells at —42°C in the 1M LiPF-EC/
DMC electrolyte (Fig. 4c) is because the electrolyte is completely
solidified at —30°C. Even when the temperature is decreased to
—85°C, the NCA||Li cell using 1.28 M LiFSI-FEC/FEMC-D2 can
still deliver a capacity of 96 mAh g~!, while the NCA || Li cell in 1M
LiPF,-EC/DMC cannot provide any capacity below —67°C. This
shows extreme battery performance at a temperature below the
condensation point of CO, (—78°C). Figure 4d demonstrates that a
small NCA || Li pouch cell can power an electric fan at —95°C.

The NCA||Li cells using 1.28 M LiFSI-FEC/FEMC-D2 elec-
trolyte also show much longer cycling stability than those in 1M
LiPF-EC/DMC at —20°C at a 1/3C (1C=170mAhg™) rate. As
demonstrated in Fig. 4e, NCA || Li cells using the 1.28 M LiFSI-FEC/
FEMC-D2 electrolyte can maintain a high capacity of 150 mAhg™
for 450 cycles, while NCA || Li cells using the 1M LiPF; EC/DMC
electrolyte can only provide 35mAhg™ for 100 cycles and then
the capacity drops rapidly. The superelectrolytes also enable more
aggressive Li-ion cathodes and Na-ion cathodes to achieve high
performance at a very low temperature. Supplementary Fig. 15
shows that a LiNi,¢Mn,,Co,,0, (NMC622)||Li cell using 0.7M
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LiBETI-FEC/DEC-M3 electrolytes can power 51 light-emitting
diodes at —80°C. When the LiFSI salt was replaced by the NaFSI
salt, the Na,V,(PO,),0,F||Na cells using the 1.28 M NaFSI-FEC/
FEMC-D2 electrolytes also showed significantly better low-tem-
perature performance than cells using 1.0M NaPF.-EC/DMC
(Supplementary Fig. 16). At —58°C, Na,V,(PO,),0,F|| Na cells can
still provide 70mAh g™, which is more than 50% of the capacity at
25°C. The extremely low alkaline ion solvation/desolvation energy
(Fig. 3a), extended liquid temperature range (Fig. 2b) and the com-
pact SEI/CEI (Fig. 3b) contribute to these highly reversible Li bat-
teries at ultralow temperatures.

High-temperature behaviour

NCA||Li cells using 1.28M LiFSI-FEC/FEMC-D2 and 0.7M
LiBETI-FEC/DEC-M3 electrolytes also show a superior perfor-
mance at high temperatures. As shown in Fig. 4c and Supplementary
Fig. 17, the capacity of the NCA||Li cell at 70°C using 1.28 M
LiFSI-FEC/FEMC-D2 is similar to that using 1.0M LiPF-EC/
DMC. During charge/discharge cycles, the NCA || Li cell using the
1.28 M LiFSI-FEC/FEMC-D2 electrolyte maintains a high capac-
ity of 170mAhg™', while the capacity of the NCA||Li cell using
1.0M LiPF,-EC/DMC electrolyte rapidly decays to 50% capacity in
less than five cycles, due to the instability of the SEI/CEI at high
temperatures. At 60°C, NCA || Li cells in 0.7 M LiBETI-FEC/DEC-
M3 electrolytes also show a significantly batter cycling stability
than cells using 1M LiPF-EC/DMC electrolytes (Supplementary
Fig. 17).
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High-voltage cell behaviour
In addition, the superelectrolyte also possesses a wide electrochemi-
cal voltage window in a broadened operational temperature range.
A high-voltage cathode (5.4 V) of LiCoMnO, is utilized to evaluate
the high-voltage stability of the electrolytes over a wide tempera-
ture range. Figure 4f,g shows the cyclic voltammetry curves of 5.4V
LiCoMnO,|| Licellsin 1.0 M LiPF-EC/DMC and 1.28 M LiFSI-FEC/
FEMC-D2 electrolytes at different temperatures. LiCoMnO,||Li
cells using 1 M LiPF-EC/DMC experience significantly increased
oxidation peaks, with extremely low CE at high voltages above 4.8 V
as the temperature increases from 25°C to 60°C, while no redox
peak is observed when the temperature drops to —30°C (Fig. 4f).
In contrast, a significantly highly reversible capacity is observed for
LiCoMnO, using the 1.28 M LiFSI-FEC/FEMC-D2 electrolyte even
at —60°C (Fig. 4g), although the overpotential of the spinel cath-
ode is increased and the two-step lithiation/delithiation is merged
into one step due to the reduced Li-ion diffusion kinetics”. The
lithiation/delithiation behaviour of LiCoMnO, || Li cells at +60°C is
similar to that at 25°C, demonstrating the superior stability of the
1.28 M LiFSI-FEC/FEMC-D2 electrolyte at high temperatures and
high voltage. Besides, the superelectrolyte also enables graphite and
5V LiNi,;Mn, ;O, to achieve higher CEs and cycling stability than
in 1 M LiPF,-EC/DMC electrolyte (Supplementary Figs. 18 and 19).
Supplementary Fig. 21 shows the operation temperature limits
of different rechargeable batteries, with the highest and lowest tem-
peratures recorded on Earth for reference. No batteries can operate
in such a harsh temperature range. Alkaline Ni-MH batteries still

NATURE ENERGY | VOL 4 | OCTOBER 2019 | 882-890 | www.nature.com/natureenergy


http://www.nature.com/natureenergy

a b c — — 1MLiPF; EC/DMC
—&— 1.28 M LiFSI-FEMC/FEC in D2
4] 4 200 - o
70 °C Qt@%b
3 3 | T 150 I ecese
= g k=T
[} \ XN [} ] £
g5 %, & g 5 DS, = 100 1 o’
o o © _ar o0 \ o oo 2 S
> |-a2°c = 85 °C —é)o }5—,’_\0000 §
14 1 © & S 50
25 |-20il42} 56 |-61{-67{-78{-85] 25 {70 °C
0 0 O* !\HHHHHHHHIHHI\
T T T T T T T T T T T ! T T
0 50 100 150 200 0 50 100 150 200 0 10 20 30 40 50
Capacity (mAh g™ Capacity (mAh g™ Cycling number
d f
<
£
<
9
=
o
_04 T T T T T
3.6 4.0 4.4 4.8 5.2 5.6
Voltage (V versus Li*/Li)
€ 250 g
- 100
200 Q
o
i :
(=2} . .
é 150 1.28 M LiFSI-FEMC/FEC in D2 L 90 S_ 3
£ s £
- [v] —
g g 5
S 100 lgo & S
Q 3 O
8 1 M LiPF4 EC/DMC =
50 g
F 70
0 i T i T i T i T i T T T T i 04 77— 7
0 50 100 150 200 250 300 350 400 3.6 4.0 4.4 4.8 5.2 5.6

Cycling number

Voltage (V versus Li*/Li)
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conventional TM LiPF,-EC/DMC electrolyte at different temperatures. b, Discharge profiles of NCA || Li cells using 1.28 M LiFSI-FEC/FEMC-D?2 electrolyte
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is in Supplementary Video 1, and the size of the pouch cell is shown in Supplementary Fig. 20. e, Cycling performance of NCA || Li using TM LiPF,-EC/DMC
and 1.28 M LiFSI-FEC/FEMC-D2 electrolytes at —20 °C with a charge/discharge current density of 1/3 C. f,g, Cyclic voltammetry curves of LiCoMnO, || Li
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FEMC-D2 electrolyte (g).

cannot operate below —30°C due to being intrinsically prone to
freezing of the aqueous electrolyte®. The operation temperature
range of well-matured lead-acid batteries is only from —40°C to
+65°C. Commercial LIBs can sustain a much narrower tempera-
ture range, between —20 °C and +55 °C with severe capacity decay at
temperatures below 0°C (ref. 7). Considering the highest (56.7°C,
Death Valley, California, USA, 1913) and lowest temperatures
(—89.2°C, Vostok Station, Antarctica, 1983) ever recorded on Earth,
superelectrolyte Li batteries with an operational temperature range
from —95°C to +70°C are highly reversible batteries that could
operate at any place in our planet.
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Another important requirement for electrolytes is non-flam-
mability?***. The superelectrolytes with physical and chemi-
cal properties disassociated from electrochemical properties can
simultaneously achieve high electrochemical performance in a wide
temperature and voltage window, and are non-flammable as well.
Supplementary Fig. 22 compares the electrochemical properties
of superelectrolytes with the most promising electrolytes, includ-
ing aqueous electrolytes, sulfide-based solid-state LGPS and LPS
electrolytes (Supplementary Figs. 23 and 24), traditional carbon-
ate electrolytes and ether-based electrolytes. The superelectrolytes
are non-flammable and have the widest electrochemical window
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from 0.0V Li metal anode to the ultrahigh-voltage cathode of 5.4V
LiCoMnO, with the highest CEs, outperforming all other electro-
lytes, including solid-state electrolytes and water-in-salts aque-
ous electrolytes. The flammability tests of these electrolytes are
shown in Supplementary Videos 2-6. The sulfide-based LGPS/LPS
solid-state electrolytes are still flammable and will generate highly
toxic gases such as SO, and H,S during burning or exposure to
moisture. Therefore, sulfide solid-state electrolyte batteries still face
safety concerns.

Conclusions

By dissolving fluorinated carbonate electrolytes into highly fluori-
nated non-polar solvents, we developed superelectrolytes where the
electrochemical properties of the electrolytes are disassociated from
their physical and chemical properties. At room temperature, the
superelectrolytes enable the most promising electrodes to achieve a
high cycling CE (99.4% for Li metal, >99.9% for graphite, >99.9%
for LiNi,sMn,,Co,,0,, 99.9% for 5.0V LiNi,:Mn, ;O, and 99% for
5.4V LiCoMnO,). The NCA || Li battery using superelectrolytes at
—85°C can deliver 56% of its room-temperature capacity and main-
tain high cycling stability at 60 °C. The highly fluorinated non-polar
solvents associated with the fluorinated electrolyte make the elec-
trolyte non-flammable, greatly improving the safety of the batter-
ies. The present design therefore represents an encouraging path
towards creating safe Li batteries with a sufficiently wide opera-
tional temperature range.

Methods
Materials. Li chips with a thickness of 250 um were purchased from MTL
Cathode NCA (LiNiyCoy,5Al,0;0,) and LNMO (LiNi,;Mn, ;0,) powders
were purchased from MTI. Graphite (TIMREX KS15) was obtained from
Timcal. Ethylene carbonate, dimethyl carbonate (DMC), diethyl carbonate
(DEC), fluoroethylene carbonate (FEC) and methoxyperfluorobutane (C,F,-
0-CH,, 1,1,1,2,2,3,3,4,4-nonafluoro-4-methoxybutane, M3) were purchased
from Sigma-Aldrich. Methyl (2,2,2-trifluoroethyl) carbonate (FEMC), lithium
bis(pentafluoroethanesulfonyl)imide (LiBETI, >98%) and 1,1,2,2-tetrafluoro-1-
(2,2,2-trifluoroethoxy)ethane (D2) were obtained from Tokyo Chemical Industry.
LiPF (99.999%) was purchased from BASF USA. NaPF, (>99%) was purchased
from Sigma-Aldrich. Lithium bis(fluorosulfonyl)imide (LiFSI, >99.99%) was
purchased from Chunbo. Sodium bis(fluorosulfonyl)imide (NaFSI, 99.7%) was
purchased from Solvionic. For a typical LiFSI-FEMC/FEC in D2 electrolyte, 1 ml
FEC and 2ml FEMC were mixed together, then 2.4 g LiFSI was dissolved into
the mixed solvents. After the LiFSI had completely dissolved, the LiFSI-FEMC/
FEC electrolyte was added into 7 ml of D2 solvent under stirring, forming the
LiFSI-FEMC/FEC in D2 electrolyte. For the LIBETI-DEC/FEC in M3 electrolyte,
2.7 g LiBETI was dissolved into FEC:DEC:M3 (0.5 ml:2.5 ml:7 ml) solvent. The
ionic conductivities of the electrolytes at different temperatures were calculated by
electrochemical impedance spectroscopy measurements with two platinum plate
electrodes (1 cm?) symmetrically placed in the electrolyte solutions.

The LiCoMnO, was synthesized by a two-step method based on a previous
report”. The solid-state electrolytes Li,,GeP,S,, (LGPS) and Li,PS, (LPS) were
synthesized following previously reported procedures™*.

Characterizations. X-ray photoelectron spectroscopy (XPS) was conducted on

a high sensitivity Kratos Axis 165 X-ray photoelectron spectrometer with Mg

Ka radiation. All binding-energy values were referenced to the C 1s peak of
carbon at 284.6 eV. Before the XPS characterizations, the cycled electrodes were
washed with the corresponding solvents to remove residual salts. The differential
scanning calorimetry measurements were carried out in a DSC 404 F1 Pegasus
(NETZSCH) differential scanning calorimeter using a scanning rate of 1°Cmin~".
Powder X-ray diffraction data were collected on a Bruker D8 X-ray diffractometer
(CuKa radiation, wavelength A =1.5418 A). Freezing points of electrolytes were
determined by respective first-order transitions of temperature-dependent
magnetic susceptibility using a magnetic property measurement system (Quantum
Design MPMS). The scanning rate was 1°Cmin~".

Electrochemical measurements. Electrolytes were prepared by adding the salt
into various anhydrous solvents. All the solvents were dried by molecular sieve

(4 A, Sigma-Aldrich) to make sure the water content was lower than 10 ppm,
which was tested using a Karl Fischer titrator (Metrohm 899 Coulometer). The
charge-discharge performances of the Li batteries were examined using 2,032-type
coin cells. The same coin-type cells were used to investigate the cycling stability

of Li plating/stripping in different electrolytes. For the low-temperature discharge
test, the battery was charged at room temperature with a current density of 1/3C,
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and discharged at different temperatures with a current of 1/15C. The CE of the Li
plating and stripping was calculated from the ratio of the Li removed from the Cu
substrate to that deposited in the same cycle. A three-electrode “T-cell’ was utilized
to test the stability window of the different electrolytes with polished stainless

steel as the working electrode and Li foils as the reference and counter electrodes
using a Gamry 1000E electrochemical workstation (Gamry Instruments). The

Li* transference number was calculated by testing the alternating-current (AC)
impedance and direct-current (DC) impedance of the Li|| Li symmetric battery
and by using the formula #;;, = R /Ry (ref. **), where t is the transferance number
and R the resistance. R, was obtained by electrochemical impedance spectroscopy
with a frequency of 10 MHz to 0.1 Hz and an AC signal amplitude of 5mV. Ry, was
obtained by performing a 10mV DC polarization for 10,800 to obtain a steady
current (Rpe= Vpe/Ipe Vis voltage and I is current). Both AC and DC impedence
were performed using a CHI660E electrochemical workstation. The area capacity
of the LiNi,3Coy,5Al,4sO, (NCA) in the pouch cell was about 2mAhcm™, and the
total pouch cell capacity was 400 mAh. All the cells were assembled in a glove box
with a water/oxygen content lower than 1 ppm. The galvanostatic charge-discharge
test was conducted on a battery test station (BT2000, Arbin Instruments).

Flammability test. For the liquid electrolytes, the flammability was tested on the
electrolyte-soaked glass fibre filter. For the solid-state sulfide electrolytes of LPS
and LGPS, small pellets with a diameter of 1cm were prepared by cold pressing of
about 200 mg powder with a pressure of ~800 MPa. The flammability of the solid-
state sulfide electrolytes was directly tested based on these pellets.

Computational methods. To investigate the electrolytes of LiFSI-FEC/FEMC in
D2 and LiBETI-FEC/DEC in M3 at an atomic scale, three types of calculations
were performed. (1) cMD simulation to study the electrolyte structures using large-
scale atomic/molecular massively parallel simulator (LAMMPS, http://lammps.
sandia.gov.)”. (2) Quantum chemistry calculations to predict solvation energy of
possible solvation configurations in FEMC/FEC-D2 solvent using the Gaussian

09 package™. (3) Ab initio molecular dynamic (AIMD) simulation to show the
structure and Li* motion of the electrolyte utilizing the Vienna ab initio simulation
package (VASP)"~*. Visualization of the structures was made using VESTA and
VMD software™*".

cMD simulations. cMD simulations were conducted on the electrolytes using the
LAMMPS simulation package. General amber force fields parameters™” and AM1-
BCC charges®** were used and generated by the ANTECHAMBER program in
AmberTools for the solvent molecules™. The force fields for Li, FSI and BETI were
taken from previous publications*-*". For the LiFSI-FEMC/FEC in D2 electrolyte,
125 LiFSI, 234 FEC, 280 FEMC and 793 D2 molecules were dissolved into a
periodic box, while for LIBETI-DEC/FEC in M3 electrolyte, 78 LiBETI, 70 FEC,
205 DEC and 364 M3 molecules were calculated. The systems were set up initially
with simulation boxes 80 and 58 A in length, with the salt and solvent molecules
distributed in the simulation boxes using Moltemplate (http://www.moltemplate.
org/). First, NPT runs were performed at 330K for 5ns and then 298K for 5ns to
ensure that the equilibrium salt dissociation had been reached. Then, the NVT
runs were 10ns long at 298 K and the last 5ns were used to obtain the structure

of the electrolyte. The anions were not considered in the desolvation energy
calculation because the anions in the interface will depart from the cations once the
electric field is applied in the electrode and the electrolyte interface, as illustrated
in Fig. 1, which is confirmed by the high transference number. The computation
schemes have been widely used in previous related works®®.

Quantum chemistry calculations. All quality control calculations were performed
using the Gaussian 09 software package. The Perdew-Burke-Ernzerhof functional
was used as it was shown to accurately describe electron affinity and ionization
potential. The double-zeta basis set 6-31 + G(d,p) was used for structure
optimization as well as the energy calculation. The SMD implicit solvation model
was used to describe the solvation effect. Acetone (¢ =20.49) was used as the
solvent for calculation of Li complexes.

AIMD simulation. The electrolyte cell with a single LiFSI molecule was dissolved
in a periodic box of 3 FEC, 3 FEMC and 9 D2 molecules. The system corresponds
to 220 total atoms, with a density of 1.55gcm™>. We performed the AIMD
calculation using the VASP package. The ion-electron interaction was described
with the projector augmented wave method, and the exchange-correlation energy
was described by the functional of the Perdew-Burke-Ernzerhof form of the
generalized gradient approximation®-°'. The plane wave energy cut-off of 400 eV
was chosen and a minimal I'-centred 1X 1x 1 k-point grid was used. All molecular
dynamics simulations were performed in the NVT ensemble using a Nosé—Hoover
thermostat. Each system was heated to 300K and equilibrated for 20 ps and then
simulated for 30 ps to gather statistics. AIMD simulations were performed on the
electrolyte of LiFSI-FEMC/FEC in D2 to understand the mechanisms for superior
performance. The electrolyte structure was simulated by assuming that Li* and
FSI™ ions are initially associated or initially dissociated (Supplementary Fig. 12).
This showed that Li* tends to remain associated or to re-associate with FSI~ and

is coordinated with the FEMC and FEC. Even when Li* and FSI~ are initially
dissociated, the Li* and FSI~ with a distance of ~3.5 A follow similar trajectories to
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the associated Li* and FSI- after 10 ps, changing to a correlated ion motion. These
results are in good agreement with the cMD simulations and further confirmed
the Li* coordinated with FSI- anions, FEC and FEMC molecules, while without
coordination with D2 molecules.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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