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In this work, a methyl propionate (MP)/fluoroethylene carbonate (FEC)-based localized high concentration
electrolyte with lithium difluoro(oxalato)borate (LiDFOB) as the additive is reported. The tuned solvation
structure and the addition of LiDFOB enable fast desolvation process of Li* and good formation of cathode/
electrolyte interphase. This optimized electrolyte shows good compatibility with both lithium cobaltate (LCO)
cathode and lithium metal anode, enabling 4.5 V Li/LCO cell to cycle 300 cycles at 1C (180 mAh g™1) rate with
87.7 % capacity retention. Even at 10C high-rate cycling, around 75.0 % of initial capacity is also achieved. In
addition, it possesses decent conductivity and viscosity at low temperature, demonstrating the great low-
temperature performance. It enables the high-loading Li/LCO cell to deliver 136.9 mAh g lcapacity at
—70 °C, showing the great discharge performance and application potential at such low temperature. In addition,
the cell with this electrolyte could even be cycled at —40 °C with 77.8 % capacity retention after 100 cycles. This
work implements the high-voltage, high-rate and low-temperature functions of battery by choosing appropriate
electrolyte component and tuning its formulation. This work provides an effective method for designing a

multifunctional lithium battery electrolyte.

1. Introduction

Lithium ion batteries (LIBs) [1-4] have been extensively applied in
every aspect of our life since the commercialization in the early 1990 s.
However, traditional LIBs could not meet the ever-growing demand for
higher energy density [5]. What is worse, when the temperature was
decreased below sub-zero, traditional LIBs deliver much lower capacity
than that at room temperature, restricting its application in extremely
cold field like electric vehicles, expedition, aerospace etc. [6-10]
Therefore, developing the high-energy—density battery with wide-
temperature adaptability is of great emergence.

The effective way to satisfy these demands above is to use the high-
voltage cathode paired with lithium metal anode (LMA). The LMA is a
promising anode because it not only has high theoretical capacity (3860
mAh g1) and low reductive potential (-3.04 V vs Standard Hydrogen
Electrode), but also has better kinetic than traditional graphite’s inter-
calation chemistry at low temperature [11-14]. As for the high-voltage

cathode, lithium cobaltate (LCO) is a competitive candidate for its high
theoretical capacity, high working voltage and fast lithium-ion diffusion
within the crystal lattice even at low temperature condition [15]. Un-
fortunately, the application of cell contained the high-voltage LCO and
lithium metal is limited because there is a lack of appropriate electrolyte
to match with. The commonly-used carbonate electrolyte is easily
oxidized and decomposed at high voltage for its low oxidation potential
(~ 4.3V vsLi/Li") [16,17]. On the other hand, the carbonate electrolyte
tends to react with lithium metal, leading to the continuous consump-
tion of electrolyte and degradation of cycling performance [18]. In
addition, the melting point of carbonate solvent is relatively high and its
binding ability with Li* is very strong, which restrict its application in
low temperature condition [9,19]. Therefore, it is very crucial to design
a new type of electrolyte to guarantee these cells to work stably in wide
temperature range.

An ideal electrolyte for the high-voltage and low-temperature cell
should meet the following requirements [7,8]: (1) the chemical and
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electrochemical stability with two electrodes at both cathodic and
anodic side to realize a high working voltage; (2) keeping in the liquid
state with decent conductivity and viscosity at low temperature to
promote efficient ionic conduction; (3) the ability ensuring both the high
reversibility of insertion-extraction process of LCO and dissolution-
deposition mechanism of lithium metal anode thus to have a chance
to gain a stable cycle performance; (4) fast desolvation process during
cycling, which is the determined kinetic step for the whole electro-
chemical process especially at low temperature. The strategies of high
voltage and low temperature electrolyte include using film-forming
additives [20-22], applying fluorine solvents [23,24], increasing the
concentration of salt to form the high concentration electrolyte (HCE) or
introducing diluent to HCE system to form the localized high concen-
tration electrolyte (LHCE) [25,26] and so on. Among them, LHCE is a
promising method to meet all of the requirements above. The LHCE not
only possesses the anion-rich solvation structure as HCE does, but also
demonstrated lower viscosity than HCE. And it is worth noting that
when the temperature was further decreased, the conductivity of LHCE
may surpass the HCE [27]. Feng et al. [28] designed lithium tetra-
fluoroborate (LiBF,4) in FEC / MA / 1,1,2,2-tetrafluoroethyl methyl ether
(TFME) electrolyte, realizing the 4.9 V high voltage Li/LNMO cell to
work at —50 °C. Besides, the low temperature cycling performance of
LHCE can be optimized by the proper selection of component as solvent
and lithium salt. In the work of Holoubek et al. [29], the 1 M lithium bis
(fluorosulfonyl)imide (LiFSI) in bis (2,2,2 trifluoro ethyl) ether (BTFE) /
1,2-dimethoxyethane (DME) (5: 1) LHCE is developed, which enabled
4.4V Li/NCM811 full cell to cycle stably at —40 °C with the rate of 0.1C.
Also, our previous work [30] reported a 2 m dual-salt sulfone / ethyl
acetate-based LHCE that enabled 4.6 V Li/NCM523 cell to cycle at low
temperature and remained around 65 % capacity at 10C rate, indicating
the advantage of LHCE at high rate performance. All of these works
reveal the application potential of LHCE in the field of high voltage, high
rate and low temperature. While their application in the ultra-low
temperature field (-70 °C) has been seldom explored and researched.
Therefore, the formula of LHCE should be precisely selected and
compared.

In this work, the carboxylic ester solvent is selected as the main
solvent. Comparing with carbonate electrolyte, this kind of solvents has
the low melting point, better salt solubility and the most important, the
lower binding energy with Li*, which is very crucial for the improve-
ment of cell’s low temperature performance. (Table 1) Among this kind
of solvents, methyl propionate (MP) has been widely used as the solvent
or co-solvent of low temperature electrolyte in previous literature for its
better electrochemical performance in LIBs [31-35]. However, its
application in lithium metal batteries (LMBs) is restricted for its higher

Table 1
The physical property and binding energy with Li* of different solvents.
Solvent Melting Boiling Dielectric Binding
point (°C) point (°C) constant energy (eV)

Ethylene carbonate 39 248 89.6 (40 °C) -2.26
(EQ)

Fluorinated 18 212 100.3 —2.03
Ethylene
carbonate (FEC)

Propylene carbonate =~ —49.2 241 64.4 -2.33
(PC)

Dimethyl carbonate 3 90 3.1 —2.00
(DMC)

Diethyl carbonate —43 127 2.8 -2.13
(DEC)

Methyl Formate —-99 32 8.5 -1.92
(MF)

Ethyl Acetate (EA) -83 77 6 -2.16

Methyl Propionate —88 80 6.2 -2.13
(MP)

Methyl Butyrate -84 103 5.5 -2.16
(MB)

Chemical Engineering Journal 461 (2023) 141904

reactivity with lithium metal anode. What’s worse, once the working
voltage is higher than 4.2 V, MP solvent also suffer from oxidation re-
action at the cathode side. Therefore, just using carboxylic ester co-
solvent is not enough to enable the LMBs to work at high voltage.

To solve these obstacles, we firstly mix the MP and FEC solvent. FEC
is proved as an effective component to inhibit the side reaction with
lithium metal anode but too much FEC is detrimental to the cell’s low
temperature performance due to its relatively high melting point [36].
Therefore, MP and FEC were mixed by the volume ratio of 9: 1. And then
the LHCE strategy is applied, in which lithium bistri-
fluoromethanesulfonimide (LiTFSI) is chosen as lithium salt for its
higher conductivity and better solubility and 1,1,2,2-tetrafluoroethyl-
2,2,2-trifluoroethyl ether (HFE) is selected as a diluent. With the in-
crease of salt concentration, the solvation structure of lithium ion
changed from solvent-dominated to anion-dominated, which could
stabilize the electrodes at higher voltage and promoted the desolvation
process especially at low temperature. Also, the introduction of the
diluent reduces the resistance of ion transportation especially at low
temperature without changing the solvation structure of HCE. There-
fore, the combination of the two strategies is viable and effective in the
application scenarios of extreme temperature and high energy density.
To further improve the electrochemical performance, little amount of
film-forming additive LiDFOB is added into the LHCE, [37,38] forming
the optimized electrolyte (OE). The solvation structure and the interfa-
cial chemistry at cathode/electrolyte interface of OE is displayed in
Fig. la.

With the well-designed electrolyte, the Li/LCO cell maintained 87.7
% capacity after 300 cycles at 1C at room temperature. Apart from that,
this electrolyte enables the high-loading cell to deliver 136.9 mAh
g lcapacity at —70 °C and to cycle at —40 °C with 77.8 % capacity
retention after 100 cycles, demonstrating great low temperature per-
formance. All in all, this work realizes the multi-function of high-
voltage, high-rate and low-temperature performance by tuning the sol-
vation structure and adding proper additive, providing an effective
method for the design of the multi-functional electrolyte.

2. Experimental section
2.1. Preparation of Materials experimental section

Lithium cobaltate (LCO) active material (>99.5 %) was provided by
Beijing Easpring Material Technology Co., Itd. The cathode was pre-
pared by mixing and grinding the cathode active material, acetylene
black conductive agent and polyvinylidene fluoride (PVDF) binder by
the mass ratio of 8: 1: 1. And then adding the N-methyl-2-pyrrolidone
(NMP, >99.7 %, Sinopharm Group Co., Itd.) into the mixture to disperse.
The formed slurry was magnetically stirred for at least 6 h. As for the
high-loading cathode electrode, the mass ratio of the material was 94.5
%: 2.5 %: 3.0 % instead. The stirred slurry was coated on Al foil with the
doctor blade and then dried at 80 °C in vacuum oven for 12 h. The mass
loading of cathode was around 3 mg cm ™2 and the high-loading cathode
was around 12 mg cm 2. The lithium metal foils (>99.9 %) were pur-
chased from China Energy Lithium Co., 1td, whose diameter were 12 mm
and thickness were 200 pm. The separator was purchased from Asahi
Kasei Company and its thickness was 20 pm.

The LiTFSI salt, lithium hexafluorophosphate (LiPFg) salt, LIDFOB
salt, ethylene carbonate (EC) solvent, dimethyl carbonate (DMC) sol-
vent, HFE diluent (>99 %) were all provided by Zhangjiagang Guotai
Huarong New Chemical Materials Co., 1td and their purity were all
battery grade. (>99.5 %) The methyl propionate (MP) solvent (>99 %)
was purchased from Shanghai Aladdin Co., Itd. The basic electrolyte
(BE) was prepared by dissolving 1 mol/L LiPF into the mixture of EC
and DMC (1: 1 by volume). The MP-based LHCE was prepared by dis-
solving the LiTFSI salt into the MP and FEC mixture (9: 1 by volume) at
specified molarities in the Ar-filled glovebox. For the localized high
concentration electrolyte, the diluent HFE and the 5 m electrolyte was
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Fig. 1. (a) The scheme of the solvation structure and the interfacial chemistry at the cathode/electrolyte interface in the optimized electrolyte. (b) Discharge
performance of Li/LCO cell in electrolytes at —40 °C at high rate. (c) Discharge performance of Li/LCO cell in electrolytes at —70 °C at 0.1C. (d—e) Cycling per-
formance of Li/LCO in OE at —40 °C at 0.1C/0.5C for charge/discharge, respectively.

mixed in the specific mass ratio. For example, the 5 m-HFE21 was pre-
pared by mixing HFE and 5 m electrolyte in the mass ratio of 2: 1. And
the OE is the 5 m-HFE21 with 0.5 wt% LiDFOB. All the Li/LCO cells were
assembled in 2016 type coin cell. Every Li/LCO cell was assembled by
sandwiching a separator between cathode and anode and adding around
70 pL electrolyte in the glove box (M. Braun GmbH).

2.2. Computational detail

All the density functional theory (DFT) calculation was conducted on
the Gaussian09 package [39]. The molecules were optimized by B3LYP-
D3 method [40,41] at 6-311 + G(d,p) basis set [42,43]. The electro-
static potential (ESP) of solvent molecules was analyzed in the Multiwfn
program [44,45]. The binding energy was calculated by the following
equation:

Epina = Etora — Esor — Epiv

Erotas Esor and Ef; represented the single point energy of lithiu com-
plex, solvent and lithium ion respectively. As for the desolvation energy

calculation, the acetone (dielectric constant 20.49) was applied as the
solvent environment of the molecule in the SMD implicit solvation
model [46]. The desolvation energy of solvation structure was calcu-
lated as follows:

Ey = Ejprar — nEso1 — Epi+

in which n is the number of solvents. Eyyq, Eso and Ef; represented
the single point energy of lithium complex, solvents and lithium ion
respectively.

The classical molecular dynamics (MD) simulation was taken to
investigate coordination behavior of Li’ The MD was simulated by
Gromacs 2018.8 software [47]. The force field used in this work is OPLS-
AA [48]. And the force field parameters of MP, FEC HFE and LiTFSI were
generated with Sobtop program. Atomic charges of Li* and TFSI ions
were multiplied by scale factor 0.8 to correct the polarization effect
[49]. The molecules were packed by Packmol software [50]. And then
the packed box was submitted to energy minimization process using the
steepest descent method. The equilibrium simulation was carried out
with NPT ensemble at 298.2 K and 1 bar for 20 ns. The production
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simulation was carried out with NVT ensemble at 298.2 K for 5 ns. The
VMD software [51] was used to visualize the simulated electrolyte and
get the ion association state. The anion or solvent was thought to asso-
ciate with Li" if the distance between the atom from anion or solvent and
Li* was less than 2.4 A. The mean-squared displacement (MSD) of Li™
was tracked for the last 200 ps. By analyzing the MSD result, the diffu-
sion coefficient (D) of Lit in the electrolyte can be calculated by
following equation:

1 . dew oo 1. d
D= @}Hgazizlqri(f) -n(0)]°) = g lim—-MSD

in which N is the number of atoms. r; (t) and r; (0) is the position of
atom i at time t and time O.

2.3. Material characterization

The conductivity of electrolytes was characterized by using current
(AC) impedance module assembled in CHI660D electrochemical work-
station. The conductivity of electrolyte at different temperatures was
obtained by the following equation:

l

c=—
Ra

In this equation, o is the conductivity of electrolyte, [ represents the
length of two platinum plane, a means the area of platinum plane, R is
determined by the section point value of AC impedance. The viscosity of
electrolyte was obtained by the VM-10A-L viscometer. The temperature-
dependent conductivity and viscosity measurement was measured after
staying at setting temperature for at least 30 min. The contact angle test
was taken to evaluate the wettability of electrolyte with separator and
was conducted by JC-2000C1 contact angle tester.

The X-ray diffraction (XRD) test was taken in Rigaku miniflex 600 X-
ray diffractometer with Cu K2 target. The XRD test angle was ranged
from 10° to 80° with the scanning speed of 5° min~!. Scanning electron
microscope (SEM) images were taken from Gemini SEM 500 field
emission scanning electron microscope manufactured from Zeiss com-
pany. The transmission electron macroscope (TEM) images of LCO
cathode were obtained from FEI Tecnai F30 instrument. X-ray photo-
electron spectroscopy (XPS) results were obtained from Escalab Xi +
equipment. The LCO cathode and lithium metal sample for the tests
above was obtained from disassembled cell and rinsed with DMC solvent
for 3 times in Ar-filled glovebox. During the transferring process, the
prepared sample was protected in the well-sealed container filled with
Ar gas to avoid the contact with oxygen in the air. Nuclear Magnetic
Resonance (NMR) of “Li was tested by Ascend 500 MHz spectrometer.
The NMR tube with a capillary tube containing 0.1 M LiClO4 salt dis-
solved in D50 solution for locking field in the 7Li NMR tests [30]. Raman
test was conducted by HORIBA FRANCE and the wavelength of the laser
was 532 nm.

2.4. Electrochemical characterization

The electrochemical impedance spectroscopy (EIS) test was taken in
Solartron Metrology at a frequency from 10~ Hz to 10° Hz with a
voltage amplitude of 5 mV. The linear sweep voltammetry (LSV) data
was obtained in CHI660D electrochemical workstation by using a two-
electrode system where the stainless steel was used as working elec-
trode and lithium metal was used as reference and counter electrode.
The sweeping speed in LSV test was set at 1 mV s~ * with the voltage
range from 3.0 V to 5.5 V. The Tafel curve data was also obtained in
CHI660D electrochemical workstation by using Li/Li symmetrical 2032
type coin cell. The testing speed was 1 mV s~ ! in the range from —1.5 V
to 1.5 V. The average Coulombic efficiency (CE) of different electrolytes
was calculated using a modified Adam method 3[52]. The Li/Cu cells
were firstly deposited at amount of 5 mAh cm 2 as a Li reservoir, and
then were deposited and stripped at amount of 1 mAh ecm™? for ten
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cycles. The cell was cycled at a current density of 0.5 mA cm 2. The CE
was calculated by the following equation:

CE — (cyclenumber X Q0+ 0

x 100%
cyclenumber x Q. + Qy

where @ is the first deposition capacity of 5 mAh em 2, Q. is the
deposition capacity of 1 mAh cm 2 during the cycling and Q; is the final
charge capacity. The Li* transference number was estimated with the
AC impedance measurements on a Li/Li symmetrical 2032-type cells
and was calculated in the following equation:

- I,(AV — LiRy)
T I(AV — LRY)

in which AV is the applied voltage of 10 mV, I, and I is the initial and
steady-state current and R, and R; is the corresponding impedance of the
cell.

All the batteries were assembled in glove box full of Ar gas with
water and oxygen content less than 0.5 ppm. The charging/discharging
behavior of cell in different electrolytes was studied in the Neware test
system. The potential of Li/LCO cell was ranged from 3.0 to 4.5 V. For
the room temperature test, the Li/LCO cell was initially activated for one
cycle at rate of 0.1C (1C = 180 mAh g™1), followed by 1C rate cycling.
The low temperature environment was provided by DC-8006 incubator
for the discharge test and Meiling Biology & Medical DW-HW50 ultra-
low freezer for the cycling test. All the tests for the cell for low tem-
perature test were conducted after two activation cycles at 0.1C rate at
room temperature. The activated cell was placed in the chamber and
stayed for 2 h to reach the thermal equilibrium.

3. Results and discussion

Firstly, the low temperature performance of cell in different elec-
trolytes was investigated in Fig. 1. The 4.5 V Li/LCO cell in OE could
deliver much more capacity than any other electrolytes at —40 °C at
higher rate while in the traditional carbonate electrolyte (BE), it could
deliver less than 30 mAh g capacity at 0.1C and did not work at 1C
rate. It is worth noting that the addition amount of LiDFOB has an
impact of the discharge performance of cells at low temperature, the OE
is still best among them (Fig. S1). Apart from that, the cell in OE
delivered 136.9 mAh g~ !capacity at —70 °C at 0.1C, demonstrating the
outstanding ultra-low temperature performance (Fig. 1c). To our sur-
prise, the high loading Li/LCO cell with OE can be cycled at —40 °C,
maintaining 77.8 % after 100 cycles, suggesting the improved electro-
chemical kinetics at low temperature (Fig. 1d and 1e). These results
show that OE is capable for the high-voltage batteries in the cryogenic
condition.

The excellent electrochemical performance of cell at cryogenic
condition is related to the physical properties of electrolytes. Due to the
lower freeze point and better solubility of the MP solvent, the MP-based
electrolyte could maintain the liquid state at lower temperature
(Fig. S2), while the BE is frozen at around —30 °C and has remarkable
variation in conductivity (Fig. 2a). On the other hand, the introduction
of the diluent reduces the electrolyte’s viscosity dramatically from 425
mPa-s of 5 m to 31.1 mPa-s of 5 m-HFE21 (Fig. 2b). The diffusion
behavior of Lit can be calculated by tracking the mean square
displacement (MSD) for the last 200 ps as displayed in the Fig. S3. The
diffusion coefficient of OE is higher than that of 5 m electrolyte and
surpass 1 m electrolyte at lower temperature. The values of diffusion
coefficient of different electrolytes are listed in Table S1. The decent
conductivity and viscosity at low temperature and the calculated MSD
results indicate that OE has good ion transportation ability in the bulk
electrolyte at low temperature. Also, the charge transfer process at
electrode/electrolyte interface, which is regarded as the limiting factor
at low temperature [53], is investigated by the electrochemical imped-
ance spectroscopy (EIS) test (Fig. S4). According to the difference of
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frequency, the resistance of cell can be divided into bulk resistance Ry,
SEI resistance R, charge transfer resistance Rt and warburg diffusion
resistance W [54]. It is obvious that the cell’s total resistance especially
Rt increases as temperature reduces. Based on the increase of Rt and
Rsei, the calculated corresponding activation energy is displayed in
Fig. 2c and d, respectively. Whatever in the diffusion across the SEI or
charge transfer process, the activation energy of Li/LCO cell in OE was
lower than that in BE, indicating the faster kinetic during the cycling.
And also, the result of transport number indicated that although the
conductivity of OE is much lower than that of BE, the higher transport
number of OE enabled it has good ion transportation in the bulk elec-
trolyte (Fig. S5). Apart from that, in the Tafel test, the exchange current
density of OE is higher than that of BE, suggesting the fast Li* transfer
kinetic at the electrode/electrolyte interface (Fig. S6). We guess the
improved kinetics can be ascribed to the two aspects: (1) the reduced
viscosity and improved wettability due to the addition of the diluent; (2)
the unique solvation structure with low desolvation energy of the opti-
mized electrolyte. As for the latter, it has been reported in previous
literature that the anion combined with Lit is repulsed when
approaching the negative-polarized anode and the binding energy of

Lit/anion has often been neglected in previous studies [28,55-57].
Nevertheless, the solvation/desolvation energy of possible Li*/solvents
solvation structures are calculated and listed in Fig. 2e. It can be found
that MP-based electrolyte demonstrated lower average binding energy
than carbonate-based electrolyte, contributing to its better low tem-
perature performance. In addition, the OE also exhibits the excellent rate
performance, delivering ~ 75 % capacity (135.3 mAh g~!) at 10C rate,
which is much higher than that in carbonate electrolyte. (Fig. S7).
According to previous literature [29,56], the charge transfer process
and its temperature dependence are closely related to the solvation
environment of Li". Therefore, the MP-based electrolyte’s solvation
structure was investigated by theoretical calculation and experiments,
the results are displayed in Fig. 3. The Raman spectra of electrolytes in
Fig. 3a show that the chemical shift of LiTFSI salt [58] moves to higher
wave number as the increase of salt concentration, indicating the
enhancement of corporation between Li* and TFSI anion. Meanwhile,
the introduction of diluent does not significantly alter the wave number,
indicating the maintenance of the inner solvation structure. On the other
hand, by the characterization of 7Li NMR in Fig. 3b, it can be found that
as the salt concentration increased, the chemical shift of electrolytes
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Fig. 3. (a) Raman spectra of electrolytes in the range from 720 and 780 cm . (b) “Li NMR spectra of electrolytes. (c) Ionic association conditions of different
electrolytes. (d-f) RDF and CN of three electrolytes. (g) MD snapshots of LCE (1 m), HCE (5 m) and LHCE (5 m-HFE21).

moves to the higher field.

The spectral results above are consistent with the MD simulation
(Fig. 3c to 3 g). Within the first solvation sheath (the distance from
lithium ion is less than 2.5 ;\), the dominant structure at low concen-
tration electrolyte (LCE) is solvent-separated ion-pair (SSIP), in which
LiT coordinates with solvent molecules. While in the HCE or LHCE, more
lithium ions are coordinated with salt anion, forming contact-ion-pair
(CIP) or aggregate (AGG) [59]. The detailed association state of LiT
with other components is listed in Table S2-S5. The coordination num-
ber (CN) and radial distribution functions (RDF, g(r)) of other electro-
lytes were shown in Fig. S8. The CN of Li" is listed in Table S6. It can be
observed that the CN of Li" with O in MP solvent is decreased from 2.8 in
LCE to 1.7 in HCE and the CN of Li" with O in anion is increased from 0.9
to 2.2, indicating more anions enter the inner solvation structure. While
in the LHCE, the CN of Li™ is nearly the same with HCE, suggesting the
inner solvation structure did not significantly altered after the addition
of diluent. As previous literature demonstrated, the CIP/AGG dominated
system is advantageous in the low temperature environment [56].
Therefore, by comprehensive comparison, LHCE is an ideal electrolyte in
terms of ion desolvation process or ion transportation in the bulk elec-
trolyte due to its high proportion of CIP/AGG and low transportation
resistance. Also, it is worth noting that benefited from the anion-
containing solvation structure and reduced solvent molecules, the HCE

and LHCE demonstrate the wider voltage window compared with the
LCE (Fig. S9).

The cycling performance of high-voltage Li/LCO cell at room tem-
perature at 1C rate is shown in Fig. 4a and 4b. In 1 m electrolyte, the cell
was overcharged at 65th cycle, which is probably resulted from the
decomposition of electrolyte at 4.5 V. While in the 5 m electrolyte, albeit
it shows the superior cycling performance, the relatively poor electrode/
electrolyte interface is still detrimental to the cycling stability. To
further improve it, moderate amount of diluent and LiDFOB additive
were added into the HCE. On the one hand, the introduction of diluent
improved the wettability between electrolyte and separator (Fig. S10)
and did not change the inner Li* solvation structure due to its weak
solvating ability with Li™ (Fig. S11). On the other hand, after adding
small amount of LiDFOB additive, the solvation structure of lithium ion
was altered, which has a great impact on the decomposition behavior of
electrolyte (this will be further discussed in the Fig. S12). When the
DFOB-solvated Li* approached the surface of cathode, the DFOB anion
decomposed prior to other components and formed B-containing cath-
ode/electrolyte interface (CEI) as the DFT calculation and LSV results
revealed (Fig. S13 and S14). Therefore, addition of LIDFOB additive can
prevent the further side reaction of cathode at high voltage, which will
be discussed later. By comparing the electrochemical performance of the
batteries in different amount of diluent and additive, the OE shown the
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best cycling performance among them (Fig. S15). With the OE, the Li/
LCO cell remained 87.7 % capacity retention after 300 cycles at 1C rate.
As a comparison, the BE only delivered 37.6 % capacity retention after
300 cycles due to the oxidation of electrolyte at 4.3 V. Also, it is worth
mentioning that with the high loading Li/LCO cell with OE remained
85.2 % capacity after 300 cycles at 0.3C / 0.5C for charge / discharge,
respectively (Fig. 4c).

The stable cycling performance of cell is proved by the XRD char-
acterization result. As shown in Fig. 4d, the (003) peak of LCO in
different electrolyte exhibits different degree of movement compared
with pristine sample [60]. And (00 3) peak of LCO cathode with BE and
1 m electrolyte exhibited a greater amplitude after cycling, suggesting
more serious irreversible phase transition which is related to electro-
chemical performance of battery. However, there is a small variation in
the 5 m and OE, suggesting their degree of irreversibility are not so
serious. The similar trend can also be found in another characteristic
(104) peak at around 45° (Fig. S16). Also, such a different degree of
irreversibility corresponds to different SEM images of LCO cathode
cycled in electrolytes before and after 200 cycles (Fig. S17). Addition-
ally, the interfacial impedance value of Li/LCO cell in different elec-
trolytes at different cycles are demonstrated in Fig. 4e to 4 g and it can be
observed that the cell in 1 m and BE electrolyte have higher impedance
value. By the comparisons above, the characterization results are all
consistent with the battery’s electrochemical performance.

The electrochemical performance of batteries is closely related to the

electrolyte/electrode interface, which is affected by the component of
electrolyte. To explore it, the TEM and XPS characterization on the
cathode were conducted. The results are displayed in Fig. 5. From the
morphology of LCO cathode cycled after 20 cycles in the four electro-
lytes, it can be observed that the CEI layer generated in 1 m electrolyte is
quite thick, which is not favorable for the long-term cycling. Also, as the
C1sand O 1 sspectra of XPS result shown, the surface of cathode in 1 m
electrolyte is mainly composed of lithium carbonate (Li,CO3, 288.6 €V,
C 1 s) and alkoxy lithium (LiOR, 531.2 eV, O 1 s), which were probably
generated from the decomposition of free solvent molecule in 1 m
electrolyte and were not capable to protect cathode at high voltage.
Besides, the observed M—O signal indicated that there may be the
leakage of transition metal ion from electrode to electrolyte during
cycling [23]. As for the 5 m electrolyte, the thickness of CEI is relatively
thin and its chemical component is mostly derived from the decompo-
sition of salt anion (e.g. LiF). And the electrochemical window of 5 m
electrolyte could inhibit the aluminum corrosion resulted from the
LiTFSI (Fig. S18). For the 5 m-HFE21 electrolyte without LiDFOB, the
proportion of LiF and organic component is increased, which perhaps
ascribed to the decomposition of the HFE diluent (Fig. S19) [61]. After
adding diluent and additive together, the CEI becomes quite thin and
uniform. In addition, the organic component of the cathode surface
decreased obviously, suggesting the inhibited deposition of electrolyte.
From F 1 s and O 1 s spectra, it can be found the introduction of LiDFOB
leads to the B-containing components in the CEI (B-F, 685.2 eV, F 1 s and
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Fig. 5. TEM images and XPS results of LCO cathode in the four electrolytes after 20 cycles. (a) 1 m (b) 5 m (c) OE (d) BE.

B-O, 532.8 eV, O 1 s), which is regarded beneficial for protecting the
cathode [62,63]. And these results are corresponded to the B 1 s spectra
(Fig. S20). As for the BE electrolyte, it also suffers from severe decom-
position as 1 m electrolyte do, and has much thicker CEI layer. (Fig. 5d)
Apart from cathode, the Coulombic efficiency Li/Cu cell was tested and
the cell with OE could reach 98.6 %, higher than those with other
electrolytes (Fig. S21). Also, the morphology of cycled lithium metal
anode in OE indicates that it has better compatibility with lithium metal
anode. (Fig. S22) These results above show that our optimized electro-
lyte is stable with cathode and anode, which corresponds to cell’s
electrochemical stability.

4. Conclusion

In conclusion, we report a designed MP-based LHCE with LiDFOB
additive and confirm its solvation structure by experiments and theo-
retical calculations. This LHCE combines both advantages of low vis-
cosity of LCE and anion-dominated solvation structure of HCE, showing
the superiority in high-voltage cycling and low temperature application.
Besides, the addition of LiDFOB alters the solvation structure and assists
to form B-containing CEI, which further improves the cycling perfor-
mance of cell. As a result, the optimized electrolyte enables 4.5 V Li/LCO

cell to remain 87.7 % capacity for 300 cycles at 1C rate. Also, it delivers
around 75 % capacity at 10C high-rate, demonstrating the superior rate
performance. As for the low temperature performance, this electrolyte
demonstrates a high discharge capacity retention of 76.0 % at —70 °C
and shows an excellent charge/discharge behavior at —40 °C. All in all,
this work provides a designing method for an electrolyte with the multi-
function of high voltage, fast dynamic and low temperature.
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