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(LBs) that work under a wide temperature range (—40 to 60 °C) has

been increasing recently. However, the conventional lithium hexafluor- LiNiy Cog ;M 20, Lithium
ophosphate (LiPF)-based ester electrolyte with a solvent-based solvation e

structure has limited the practical application of LBs under extreme M,

temperature conditions. In this work, a novel localized high- M A
concentration electrolyte (LHCE) system is designed to achieve the A o._§
anion-containing solvation structure with less free solvent molecules Bl e SR8 F

using lithium difluorophosphate (LiPO,F,) as a lithium salt, which 3:,"",“,(." °L¢&° °e
enables wide-temperature electrolyte for LBs. The optimized solvation ° Snand
structure contributes to the cathode—electrolyte interface (CEI) with
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LiNiysC0o,Mng 30, (NCMS23) cathode, effectively inhibiting the
decomposition of electrolyte and the dissolution of transition-metal ions (TMlIs). Moreover, the weakened Li*—dipole interaction
is also beneficial to the desolvation process. Therefore, the 4.3 V LilINCMS523 cell using the modified electrolyte maintains a high
capacity retention of 81.0% after 200 cycles under 60 °C. Meanwhile, a considerable capacity of 70.9 mAh g~ (42.0% of that at
room temperature) can be released at an extremely low temperature of —60 °C. This modified electrolyte dramatically enhances the
electrochemical stability of NCM523 cells by regulating the solvation structure, providing guidelines for designing a multifunctional
electrolyte that works under a wide temperature range.

KEYWORDS: [iPO,F,, localized high-concentration electrolyte, solvation structure, wide temperature, high voltage
1. INTRODUCTION 16-18

With the booming development of 3C digital devices and
electric vehicles (EVs), there is a huge demand for higher-

the electrode—electrolyte interface (EEI), and designing a
novel liquefied gas electrolyte.'””” Among them, the regulation
of the solvation structure is essential and challenging.21_23 The

density batteries working under a wide temperature range
(—40 ~ 60 °C),"* such as cold regions and hot desert
conditions.” Lithium-metal batteries with commercial Li-
Ni,Co,Mn,_,_,O, (NCM) materials as cathodes are consid-
ered to be one of the most promising battery technologies due
to the intrinsic high specific capacity and a high working
voltage." However, the practical application of LillNCM
batteries has been greatly limited especially under high
temperatures (>50 °C) or high operating voltages (>4.3 V)°
due to the unstable CEI caused by the parasitic reaction of
LiPFg-based ester electrolyte.” ® In addition, the low-temper-
ature electrochemical performance has been hampered by
solvents with high freezing point and strong binding energy
with Li* such as EC (36.4 °C).”"’

Electrolytes that operate under a wide temperature range
and high voltage have been extensively studied by many
scientists to improve the wide-temperature cycling perform-
ance of lithium batteries.”''~'* Examples include the
optimization of electrolyte components,'® the regulation of

© 2022 American Chemical Society
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solvation sheath around Li* determines the composition of
CEI**** and desolvation process,”® which affects the wide-
temperature performance of the batteries. The lithium salt
determines the essential properties and anion species of
electrolyte,””** becoming a key factor affecting the solvation
structure. Pham et al.”” reported that Li*-PO,F,~ interaction is
stronger than Li*—solvents interaction, generating more
contact ion pairs (CIPs) and cation—anion aggregates
(AGGs). The CIPs and AGGs are favorable for the formation
of CEI and SEI full of inorganic components,.?’o’31 In addition,
Shang guan et al.*” certified that LIDFP can generate inorganic

EEIAPPLIED wireriats

Received: February 10, 2022 e
Accepted: April 4, 2022
Published: April 14, 2022

https://doi.org/10.1021/acsami.2c02221
ACS Appl. Mater. Interfaces 2022, 14, 19056—19066


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silan+Kuang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haiming+Hua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengbin+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jialin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodie+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinbao+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c02221&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/14/16?ref=pdf
https://pubs.acs.org/toc/aamick/14/16?ref=pdf
https://pubs.acs.org/toc/aamick/14/16?ref=pdf
https://pubs.acs.org/toc/aamick/14/16?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c02221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Scheme 1. Illustration of the Solvation Structure and the Interfacial Chemistry at the Cathode—Electrolyte Interface in (a) 301

and (b) 1.4M LG*
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substances such as P—O and LiF on the surface of the positive
electrode, enabling the electrochemical performance of Lill
NCMS523 under a wide temperature range (—40 to 90 °C).
Furthermore, Placke’s group pointed out that LiDFP can
capture the dissolved TMIs, reducing the crosstalk phenom-
enon of the NCM523 cathode and the lithium anode.”*™**
However, the strong interaction of Li* and PO,F,” may
improve the number of free solvents,”” affecting the interfacial
reaction. Using a high-concentration electrolyte (HCE) is a
good way to reduce free solvents, mamtam CIPs and AGG
structure, and widen the voltage window.>**” An increase in
lithium salt leads to more anions instead of solvents in the
primary sheath of the electrolyte, enabling a stable CEI’” and
accelerating the desolvation process.'’ However, the commer-
cial application of HCE is limited by its high viscosity and high
cost.”” Then, inert solvents such as 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (HFE) are introduced into
HCE for dilution.®® The formed localized-concentration
electrolyte (LHCE) contains lower viscosity and maintains
similar microstructure and physicochemical properties to
HCE.”” As shown in Table S1, LIDFP-based LHCE improves
the wide-temperature performance of Lil[INCMS23 cells.
Nevertheless, the solvation structure of LiDFP-based LHCE
and its working mechanism on the cathode interface under
challenging conditions remains to be explored.

In this work, LIDFP and tetraglyme (G4) with a high boiling
point (275 °C) and a low freezing point (—40 °C) were used
to design an LHCE (1.4M LiDFP-G4/HFE). Theoretical
calculations and "Li-NMR are combined to simulate the
solvation structure around Li*, and commercial 1M LiPF,—
EC/DMC (1:1 wt %) (301) is used for comparison (Scheme
1). In the 301 electrolyte, the interaction between Li* and EC
and DMC is stronger than that with PF” in the primary
solvation sheath,™ with slow Li* desolvation.'” During the
discharge process, solvent molecules are enriched on the
positive electrode, resulting in an uneven CEI and more MIT
dissolution. Nevertheless, in a modified electrolyte (1.4M
LGH*), the first solvation sheath is mainly dominated by
anions and solvent molecules are weakly bound to lithium ions
instead of being free. The PO,F,™ can help generate a uniform
CEI full of inorganic components (P—O, LiF) on the positive
electrode interface, which is beneficial to the high-temperature
or high-voltage cycling of the batteries. In addition, the weak

interaction between Li* and G4 can accelerate the desolvation
process, improving the low-temperature discharge capacity.

2. EXPERIMENTAL SECTION

2.1. Preparation of Materials. The commercial electrolyte 1 M
LiPF; EC/DMC (1:1 wt %) (301) was purchased from Guotai-
Huarong Company. Other electrolytes are self-contained. First,
electrolytes with 1—6 mol L™" concentrations were formed by adding
1—6 mol salt into 1 L of solvent. Then, 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (HFE) was added to dilute 4 M
LiDFP-G4 (4 M LG), according to a molar ratio of ny;ppp: ppg = L:x
(x =1, 1.5, 2). All electrolytes were stirred under 60 °C. The LHCEs
were named 2M LGH, 1.6 M LGH, and 1.4M LGH. S%FEC additive
was added to 14M LGH, named 1.4M LGH¥*. The locking-field
electrolyte of "Li-NMR was 0.1 mol L™ LiClO,-D,0.

NCMS23 active material (provided by Beijing Easpring Material
Technology Co., Ltd. (China)), acetylene black, and poly(vinylidene
fluoride) (PVDF) (8:1:1) were used to prepare the NCMS23
cathode. Then, N-methylpyrrolidone (NMP) was used as a dispersing
agent. The slurry was stirred in a blender for 1 h and then poured
onto an aluminum (Al) foil by an automatic coating machine. The
coated Al foil was baked at 80 °C for 1.5 h. Finally, the sheet was
transferred to a 80 °C vacuum oven for 24 h. The NCMS23 plates
had a diameter of 12 mm and a loading density of 3.0 mg cm™ (0.48
mAh cm™2). The lithium foil had a thickness of 1 mm and a diameter
of 14 mm. The method of preparing the SP-PVDF-AI electrode was
the same as that used for the cathode material above, without an
active substance.

2.2. Theoretical Calculations. The DFT (density functional
theory) calculation of HOMO and the lowest unoccupied molecular
orbital (LUMO) in this work was run on the Gassian09 software
package,*' using the B3LYP* method at the 6-311+G (d, p) basis
set™* to optimize the geometry structure. The solvent environment
of the molecule was described in the SMD implicit solvation model.**
Tetrahydrofuran (Dielectric Constant 7.57) and acetone (Dielectric
Constant 20.49) were used as the solvent to calculate the binding
energy of G4 and carbonate solvent, respectively, for their similar
dielectric constant.® The binding energy (E,) between solvents and
lithium ions was calculated by the following equation

- ELH— - Esol (1)

where E, is the binding energy of lithium ion with the solvent and
E, a1 is the total system’s single point energy. Ey;, is the Li" ion’s single
point energy and E, is the solvent’s single point energy.

All molecular dynamics simulations were performed by employing
Gromacs 2018*° software. Three concentrations of the solution were
simulated, and their ratios are given in Table S2. We chose the OPLS-

E,=E

total
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Figure 1. Physicochemical properties of different electrolytes. (a) LUMO and HOMO energy levels were calculated by DFT (25 °C). (b) "Li-
NMR spectra of electrolytes of different concentrations. (c) Association of PO,F,” with Li*. Radial distribution functions (RDFs) of (d) dilute
electrolyte (1.4M LG), (e) HCE (4M LG), and (f) LHCE (1.4M LGH). (g) Molecular dynamics (MD) simulation snapshots of the three

electrolytes (1.4M LG, 4M LG, 1.4M LGH).

AA force field,*” which is suitable for an electrolyte solution. The
force field parameters of each molecule were taken from the
literature.*>° Atomic charges of ions were multiplied by a scale
factor of 0.78 to correct the polarization effect of anions and cations."

A simulation box was built by the Packmol software®® and then
submitted to energy minimization using the conjugate gradient
method. The equilibrium simulation was carried out with the NPT
ensemble at 298.2 K and 1 bar for 20 ns. The production simulation
was carried out with the NVT ensemble at 298.2 K for 5 ns. VMD*?
software was used to visualize the systems and obtain the ion
association state. Anions and cations were treated as an association if
their center distance was less than 2.4 A.

2.3. Electrochemical Measurements and Material Charac-
terizations. An electrochemical workstation (CHI1030C) was used
to verify the electrochemical window of different electrolytes. Linear
scanning voltammetry (LSV) test was performed at 3.0—5.0 V for the
electrochemical window of electrolytes. SP-PVDF-AI (1.2 X 1.2 cm™)
was chosen as a working electrode and lithium metal was regarded as
a counter electrode and reference electrode, with a scanning speed of
0.1 mV s~ Cyclic voltammetry (CV) of LillNCMS523 cells was
performed at 0.1 mV s™' under 3—4.3 V for 2.5 cycles, followed by
chronoamperometry (CA) test at 4.3 V for 10 h. The NCMS523
cathode (1.2 X 1.2 cm™) was chosen as the working electrode and
lithium metal was regarded as a counter electrode and reference
electrode.

19058

All cells were CR-2016 type assembled with 80 uL electrolyte,
Celgard2500 and the electrode materials mentioned above in a
glovebox. The Neware test system was used to study the charging and
discharging behaviors of cells in different electrolytes. Room-
temperature and low-temperature LilINCMS523 cells were formed by
0.1C (4.3 V, 1C = 160 mAh g™ or 4.5V, 1C = 180 mAh g™*) for one
cycle at 25 °C. The room-temperature cells were constant current/
constant voltage charged and constant current discharged at 0.5C (the
current of constant voltage charge is 1/10 of constant current charge
). The low-temperature LilINCMS23 cells were discharged at 0.1C
under different temperatures after room-temperature formation. High-
temperature LillNCMS523 cells were formed by 0.1C at 60 °C, then
constant current/constant voltage charged and constant current
discharged at 0.5C and 1C, respectively. A third method reported by
Adams et al.>* was used to test the coulombic efficiency (CE) of Lill
Cu cells at 0.5 mA cm ™. First, S mAh cm ™ lithium was deposited and
stripped on Cu for precycling. Second, 5 mAh cm™ lithium was
deposited on Cu as a Li reservoir (Qt). Then, 1 mAh cm™ (Qc)
lithium was deposited and stripped for 10 cycles. Finally, the cells
were charged to 1 V to strip all of the remaining lithium. The
calculation formula of CE was as follows

CEZ[nXQc+Qs

X 100%
n X Qc + Qt

@)
n is the number of cycles (here 10) and Qs is the final charge capacity.
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Figure 2. Electrochemical performance of LilNCM523 batteries under 2.75—4.3 V (60 °C). (a) Cyclic performance of three electrolytes after 200
cycles. Voltage-specific capacity curves of (b) first cycle in different electrolytes, (c) 301, (d) 4M LG, and (e) 14M LGH*. (f)

Chronoamperometry (CA) test of two electrolytes at 4.3 V for 10 h.

The solvent structures of different concentrations of electrolytes
were verified by ’Li-NMR (nuclear magnetic resonance lithium
spectrum) (Ascend SO0 MHz spectrometer) at 25 °C. After cycling,
LilINCMS523 cells were disassembled and electrodes were drip washed
three times (DMC used for electrodes in 301, DME used for
electrodes in self-prepared electrolytes). A scanning electron micro-
scope (SEM) (Zeiss Gemini SEM 500) was used to observe the
morphological changes in the NCMS523 material and lithium metal.
Energy-dispersive X-ray spectroscopy (EDS) was used for detecting
lithium metal. The changes in the NCMS523 materials were
investigated by X-ray diffraction (XRD) (Rigaku Miniflex 600 X-ray
diffractometer). The target of XRD was Cu K2 and the test speed was
5° min~’, ranging from 10 to 90°. The morphology of CEI and lattice
changes of the NCMS523 cathode were characterized by a trans-
mission electron microscope (TEM) (JEM2100, JEM30). The
photoelectronic energy spectrum (XPS) (PHI Quantum 2000) was
used to analyze the composition of the CEI Differential scanning
calorimetry (DSC) (STA 449 F3 Jupiter) was used to study the
thermal stability of two lithium salts. The conductivity of all
electrolytes was measured by a conductivity meter (DSC-307A) and
viscosity was measured by a viscometer (VM-10A-L). The contact

19059

angle was obtained by a contact angle tester (JC-2000C1). The above
experiments were carried out at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of Electrolyte. Firstly,
the thermal stability of pure LiDFP and LiPFg was tested by
DSC. As expected, the decomposition temperature of LiDFP
was about 350 °C, which was higher than that of LiPF, (Figure
S1). The results of the density functional theory (DFT) and
linear scanning voltammetry (LSV) (Figures la and S2)
demonstrate that the antioxidation of electrolytes can be
enhanced by increasing the lithium salt concentration.
However, the application of a high-concentration electrolyte
is limited by its high viscosity and high cost. Among all HCE;,
4M LiDFP-G4 (4M LG) had the optimal electrochemical
performance and suitable physicochemical properties. There-
fore, different proportions of HFE were added to 4M LG for
dilution. After dilution, the viscosity was significantly reduced
and the wettability with the Celgard separator was improved
(Figure S3). The conductivity was slightly reduced due to the
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Figure 3. Material characterizations of the electrodes after cycling under 4.3 V (60 °C). TEM tests and XPS (F 1s, O 1s, P 2p) results of NCMS523
after 10 cycles in (a) 301 and (b) 1.4M LGH*. (c) XRD test of the NCMS523 cathode after 200 cycles. SEM-EDS mapping images of lithium metal

after 200 cycles in (d) 301 and (e) 1.4M LGH*.

low dielectric constant of the HFE. The solvation structure of
different electrolytes around Li* was studied by ’Li-NMR
(Figure 1b). From the IM LG electrolyte to the 6M LG
electrolyte, the chemical shift moved to higher fields, indicating
stronger solvated structures around the Li* ions. In addition,
the chemical shift of the 1.4M LGH electrolyte was similar to
that of 4M LG but different from that of 1.4M LG, indicating
that the addition of HFE did not change the solvation
structure. The result of molecular dynamics calculation (MD)
was consistent with 'Li-NMR (Figure lc—g and Tables S2—
S5). The coordination number of Li* with PO,F,” is about 2
in a primary solvation sheath (within 2.4 A), implying the
AGG solvation structure of 4M LG. In 1.4M LGH, the
coordination number of PO,F,” with Li" remained at 2 and
the number of HFE-Li" was about 0, indicating no influence of
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HFE on the solvation structure.’’ In addition, the ratio of free
G4 (that did not bind to Li*) was decreased from 70.3% (in
1.4M LG) to 40.1% (in 1.4M LGH) (Figure S4), in harmony
with a higher oxidation potential. The Li*—solvents, Li*—
anions, and solvents—solvents of different electrolytes could be
seen visually from the molecular dynamics snapshot (Figure
1g). In general, the combination of LiDFP and LHCE could
generate an anion-based solvation structure with less amount
of free solvents.

3.2. High Temperature. LilINCMS523 cells were charged
to 4.3 V to test the electrochemical performance of the above
electrolytes under 60 °C (Figures 2 and SS). The capacity
retention was compared with the discharge capacity of the
second cycle (more details in the Experimental Section). The
cell in 301 delivered $5.4% capacity after 200 cycles (Figure

https://doi.org/10.1021/acsami.2c02221
ACS Appl. Mater. Interfaces 2022, 14, 19056—19066


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02221/suppl_file/am2c02221_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02221/suppl_file/am2c02221_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02221/suppl_file/am2c02221_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02221/suppl_file/am2c02221_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02221?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

(a)

(b)

Research Article

301 -40 °C 1.4M LGH*
(d) «
-40°C  —aon
40 T\ ::ﬂnln—?.ew
£
\\
100 I 150 200

Discharge specific capacity (mAh 9'1)

g mmm (C) -5
-70°C T,
. Py L ]
5. 4
- 212 9% 3 5.8
= °a o+ @ @
=3 J
209
g -0.74 0.72 .
n 3 3
§-06 ettty
g .42
§
£-03
00
Li*-EC Li*-DMC Li*-G4
®
—25°C
1.4M LGH* —A
of °c
C

Votage(V)

0 50 100 150 200

Discharge specific capacity(mAh 9'1)

Figure 4. Digital image of (a) 301 after keeping at —40°C for 1 h and (b) 1.4M LGH* after keeping at —70 °C for 1 h. (c) Binding energy (Eb) of
different solvents and Li*. (d) Voltage-specific capacity curves of 4.3 V LillNCMS523 batteries in the three electrolytes under —40 °C. (e) Lill
NCMS23 cell powers LED bulbs at —40 °C. (f) Voltage-specific capacity curves of 4.3 V LillNCMS23 batteries in 1.4M LGH* under different

temperatures.

2a—c), along with 62.1% initial Coulombic efficiency (ICE) at
0.1C. The ICE of the cell in 4M LG was 90.5% higher than
that in 301, but only 77.8% of the initial capacity was released
after 200 cycles due to high polarization voltage (Figure 2d),
which could be due to the high viscosity of the electrolyte.
After dilution, the cycling performance of the cell in 1.4M
LGH* was indeed improved, remaining at 81.0% capacity
retention after 200 cycles (Figure 2e). In addition, the rate
performance of cells in 1.4M LGH* was also improved (Figure
S6), and the electrochemical performance of the LiINCMS523
full cell was also investigated (Figure S7). Finally, the residual
current of the cell in 1.4M LGH* was smaller than that of 301
in the CA test under 4.3 V (Figure 2f, after the CV test in
Figure S8), indicating that the side reactions were effectively
suppressed.

The cyclic performance of LillNCM523 cells and the
structure of materials were affected by the CEI formed on
the NCMS523 cathode. Hence, TEM and XPS were carried out
to analyze the morphology and composition of NCMS523 after
10 cycles at 60 °C in different electrolytes. Figure 3a shows an
uneven CEI on the cathode surface after cycling in 301, which
might be due to constant decomposition of the electrolyte at a
high temperature. Also, it was found that all samples contained
similar components such as acetylene black (C—C, 284.8 eV, C
1s) and PVDF (CF2—CH2, 285.5 eV, C—F, 291.1 eV, C 1s)*°
(Figure S9). In addition, more C—O and C=0 species in the
C 1s spectrum and less lithium fluoride (LiF, 684.9 eV, F 1s)
were formed by the decomposition product of solvents. The
continuous LiPF4 decomposition at 60 °C was identified by
Li,PO/F, (134.62 eV, P 2p).*° Therefore, the M—O peak
(529.9 eV, O 1s) of TMIs was detected, implying that the CEI
generated by the solvent was unstable and could not protect
the cathode material.”” However, after cycling in 1.4M LGH¥*,
a denser and uniform CEI of 20 nm thickness could be
observed and no M—O signal was detected, implying that the
CEI could effectively inhibit the dissolution of TMIs (Figure

3b). In addition, more LiF inorganic components were
generated by PO,F,”, improving the transmission of Li* on
the interface.”” In addition, more Li;PO, (P—0, 133.8 eV, P
2p) could help scavenge the TMIs,* in line with better cyclic
performance.

To further verify the CEI protective effect, we disassembled
the cells after 200 cycles and performed a variety of material
characterization tests on both electrodes. As shown in Figure
S10, the morphology of pristine cathode material was a
secondary particle with a regular spherical shape. However, the
NCMS523 particles broke up seriously after cycling in 301,
indicating that the unstable CEI on NCMS523 could hardly
protect the material from a side reaction with electrolyte
during the cycles, which was consistent with the rapid capacity
decline. Only a few particles broke up after cycling in 1.4M
LGH*, maintaining the complete structure. This is consistent
with the stable CEI generated by anions.”® The XRD test
results of a totally discharged NCMS23 cathode in two
electrolytes are presented in Figure 3¢, consistent with a typical
layered structure.”> The (003) peak in the XRD pattern of
both positive electrodes shifted to a lower angle after 200
cycles, which was related to the extraction of Li* in layered
cathode materials.”” However, it was obvious that the positive
electrode cycled in 301 shows a more negative shift than the
electrode cycled in 1.4M LGH®. This might be due to the
enhanced reversibility of de-intercalation of lithium ions in
1.4M LGH*. It was reported that the degradation of the
cathode led to the serious dissolution of TMIs, which would
migrate to the anode and cause crosstalk with dendritic lithium
formation.”> The surface morphology and the element
distribution of lithium metal anode after 200 cycles in both
electrolytes were analyzed by SEM and EDS mapping (Figure
3d,e). Less amount of F and P elements and a higher amount
of transition-metal elements (especially Mn) were detected on
the surface of lithium metal after 200 cycles in 301 (Figure
S11). As shown in Figure 3d, the Mn*" was concentrated in the
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Figure S. (a) Electrochemical performance of LilINCMS23 batteries under 3—4.5 V (25 °C). Voltage-specific capacity curves of Lil[NCMS23
batteries under 3—4.5 V (25 °C) with (b) 301 and (c) 1.4M LGH*. TEM test and XPS (F 1s, O 1s, P 2p) results of NCM523 after 50 cycles in (d)

301 and (e) 1.4M LGH*.

position where dendrite formats.>® Conversely, the surface of
lithium metal in the LHCE electrolyte was relatively dense
(cracks might be affected by sample preparation), with no
obvious TMI dissolution in Figure 3e. All in all, the electrodes
were effectively protected by the CEI generated by the anion-
based solvation structure, which was consistent with the good
cyclic performance.

3.3. Low Temperature. Lil[NCMS23 cells were charged to
4.3 V and then discharged at different temperatures with 0.1C.
The discharge capacities of LilINCMS523 batteries were about
168.9 mAh g_l. As can be seen from Figure 4a, 301 froze
quickly after storage at —40 °C for 1h, while 1.4M LGH* still
remained liquid after storage at —70 °C (Figure 4b). The
freezing point of the modified electrolyte was about —95 °C as
tested by DSC (—120 to 100 °C) (Figure S12). Compared
with those of the 301 electrolyte, the AGG solvation
structure’® of the 1.4M LGH* electrolyte and the lower
binding energy'® (Figure 4c) between G4 and Li* were
favorable for the desolvation processes, enabling better low-
temperature performance. The low-temperature discharge
performance of all electrolytes was tested at —40 °C (Figure
4d). The cell in 301 delivered almost no capacity due to
solidification of electrolyte and the cell in 4M LiDFP-G4 only
delivered 64.9 mAh g™' capacity. However, 1.4M LGH*
maintained 81.4% capacity of room temperature. Furthermore,
the cell could light up LED bulbs at —40 °C and deliver 42.0%
capacity of room temperature at —60 °C (Figure 4e(f).
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Generally, the electrolyte showed good performance under low
temperatures.

3.4. High Voltage. In addition, the performance of 4.5 V
LilINCMS523 cells at 25 °C was also studied (Figures Sa—c and
S13). The capacity retention could reach 98.5% in 1.4M LGH*
after 150 cycles, better than 63.7% in 301. The different cyclic
performance under a high operating voltage may result from
the CEI generated by different solvation structures. The CEI
on the NCMS23 cathode after 50 cycles in 301 was
nonuniform with more C—O organic species generated by
solvents (Figures Sd and S14). Inversely, the thin (~7 nm)
CEI in 1.4M LGH?* was uniform with more LiF, which was
similar to the CEI on the cathode at a high temperature and
could effectively protect electrodes from parasitic reactions
(Figure Se). In addition, the Coulombic efficiency of LillCu
was tested by method 3 (details in the Experimental Section)
(Figure S1S5) and the CEI of the modified electrolyte was
97.0%, higher than 86.6% for 301, indicating better
compatibility with lithium metal. In addition, the accumulation
of dead lithium could be alleviated by 1.4M LGH* (Figure
S16).

The optimal CEI can ensure the integrity of the positive
electrode under a high operating voltage. XRD of the
discharged positive electrode in both electrolytes after 100
cycles are presented in Figure 6a. As mentioned above, the
smaller shift of the (003) peak indicates that Li* can re-
intercalate into the structure of NCMS23 in 1.4M LGH¥*
sufficiently. TEM is used to observe the phase transformation
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Figure 6. Material characterization of discharged electrodes after 100 cycles under 4.5 V (25 °C). (a) XRD of the NCM523 electrode. TEM images
of the NCM523 electrode in (b) 301 and (c) 1.4M LGH*. SEM-EDS mapping images of lithium metal in (d) 301 and (e) 1.4M LGH*.

on the NCMS523 cathode after 100 cycles. In 301, a rock salt
phase with a thickness of 12 nm is detected in area 2 (Figure
6b). Nevertheless, the cycled NCMS23 cathode in 1.4M
LGH* maintains the layered structure with no obvious phase
transition (Figure 6¢c). In addition, fewer TMIs were detected
on lithium in 1.4M LGH* than that in 301 (Figures 6d,e and
S17). Overall, the stable CEI derived from an anion-solvated
structure can enable stable cycling of the batteries under a high
temperature or a high operating voltage.

4. CONCLUSIONS

The LiDFP-based local high-concentration electrolyte (1.4M
LGH?*) in this work contains abundant CIPs and AGGs. This
anion-based solvation structure can help generate a uniform
CEI with plentiful LiF, P—O, isolating the constant side
reactions between the electrolyte and the cathode and
inhibiting the dissolution of TMIs. This modified CEI
effectively improves the performance of LilINCMS523 cells at
a high temperature (60 °C) and a high voltage (4.5 V). In
addition, this solvation structure can weaken the Li*—solvent
interaction for accelerating the desolvation process, improving
the low-temperature discharge capacity. All in all, the
combination of LiDFP and localized high-concentration
strategy is a promising way to design wide-temperature and
high-voltage electrolytes in the future.
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