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Abstract: Widening the working voltage of lithium-ion batteries is considered as an effective strategy
to improve their energy density. However, the decomposition of conventional aprotic electrolytes
at high voltage greatly impedes the success until the presence of high concentration electrolytes
(HCEs) and the resultant localized HCEs (LHCEs). The unique solvated structure of HCEs/LHCEs
endows the involved solvent with enhanced endurance toward high voltage while the LHCEs
can simultaneously possess the decent viscosity for sufficient wettability to porous electrodes and
separator. Nowadays, most LHCEs use LiFSI/LiTFSI as the salts and β-hydrofluoroethers as the
counter solvents due to their good compatibility, yet the LHCE formula of cheap LiPF6 and high
antioxidant α-hydrofluoroethers is seldom investigated. Here, we report a unique formula with
3 mol L−1 LiPF6 in mixed carbonate solvents and a counter solvent α-substituted fluorine compound
(1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether). Compared to a conventional electrolyte, this
formula enables dramatic improvement in the cycling performance of LiCoO2//graphite cells from
approximately 150 cycles to 1000 cycles within the range of 2.9 to 4.5 V at 0.5 C. This work provides a
new choice and scope to design functional LHCEs for high voltage systems.

Keywords: lithium-ion batteries; lithium cobalt oxides; lithium hexafluorophosphate; localized high
concentration electrolytes; 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether

1. Introduction

Over the past 30 years, a secondary lithium battery has been developed as a vital
energy storage strategy in daily life for its high energy density, environmentally friendly
property and excellent cycle capability. However, the boom of electric vehicles requires
battery chemistry with higher power and energy density to afford longer service time
under various operating conditions [1,2]. In this regard, two main strategies have been
proposed to improve the battery energy density. One is the substitution of the graphite
anode owing to its low capacity (372 mAh g−1 in theory). Silicon/carbon [3,4], silicon [5,6],
lithium metal [7,8] and anode free system [9,10] have been comprehensively and intensively
investigated. However, these potential candidates still suffer from cracks after massive
expand and dendrites. The other method is the increase of the battery operating voltage
by charging layered oxides such as lithium cobalt oxide (LiCoO2, LCO), lithium nickel
cobalt manganese oxides to higher cut-off voltage [11], or employing high-voltage cathode
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materials such as spinel lithium nickel manganese oxide [12,13], layered lithium rich
oxide [14–16], olivine cathodes [17–20], and so on. The progress is usually hindered by
the low endurance of the traditional electrolyte under such high voltage at the cathode
side [21,22]. Introducing various additives to form a stable cathode electrolyte interphase
(CEI) layer on the surface of cathode is a widely employed method to avoid the oxidation
of commercial carbonate electrolytes [23–25]. However, the carbonate electrolytes still
tend to be decomposed, especially in some extreme conditions, which would lead to cell
failure [26]. Therefore, it is of great importance to develop novel electrolyte systems for
high-voltage applications.

Ionic liquids [27] and deep eutectic electrolytes [28] have been successfully utilized
for the operating voltage of above 4.5 V. Unfortunately, their ionic conductivities always
lower than 1 mS cm−1 and high cost limit their application. High concentration electrolytes
(HCEs) have been developed in recent years for their distinguishing solvation structure
from the classical one [29]. As reported, the cell using HCEs could be operated over
5.5 V [30] and the corrosion of aluminum (Al) foil was also controlled [31]. Unfortunately,
the development of HCEs is limited by their high cost, viscosity and surface energy [32].
To overcome these problems, HCEs were optimized as localized HCEs (LHCEs) with a
counter solvent, usually using a polyfluorinated ether with week polarity to have a special
solvation structure, in which the original solvent-salt would not be interrupted by the
counter solvent [21]. Consequently, the overall salt concentration was greatly diluted
whereas the advantage of HCEs was reserved [33–35]. The intrinsically chemical inert
and low viscosity of counter solvent endows the electrolyte/cathode interface with high
antioxidant ability even at high operating voltage, maintaining excellent electrochemical
property during the long battery service time. Therefore, LHCEs have been widely used in
various high-voltage systems, including lithium-ion and metal batteries [36–38].

On one side, β-hydrofluoroethers (β-HFEs) have been widely investigated as counter
solvents due to their good solubility with salts and solvents. However, recent investigations
manifested that the stability of β-HFEs under high voltage was still unsatisfying since the
electron density on oxygen was not reduced by fluorine sufficiently [39–42]. By substitut-
ing F atoms at α position, the molecular structure would change to α-HFEs, which are
supposed to have higher antioxidant ability towards high voltage [43]. On the other side,
lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis(trifluoromethanesulfhonyl)imide
(LiTFSI) have been mainly employed as lithium salts for HCEs and LHCEs because of their
highly delocalized negative ions. Nevertheless, alternative salts should be considered to
avoid expensive LiFSI and LiTFSI. In general, the formula with lithium hexafluorophos-
phate (LiPF6) and α-HFEs together has not been reported yet, though it has the advantage
of low-price Li salt, low intrinsic viscosity of solvent and high antioxidant counter solvent.
In this work, taking ethylene carbonate (EC) with high solubility of Li salt and dimethyl car-
bonate (DMC) as the cosolvents, and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether
(one of α-HFEs, TTE) as the counter solvent, we put forward a LHCE formula of 3 M LiPF6
in EC/DMC/TTE electrolyte (EC:DMC:TTE = 1:9:8 in volume). This formula keeps the
solvation structure of HCE, which has high oxidating endurance toward high operating
voltage and offers the relative low viscosity with the aid of TTE. As a result, the resultant
LCO//graphite full cells achieve extremely high Coulombic efficiencies and excellent ca-
pacity retention of 70% (from 160 mAh g−1 to 113 mAh g−1) after 1000 cycles within the
voltage window between 2.9 and 4.5 V. In addition, this formula can also enable the cell
to achieve much enhanced rate capability compared to the conventional ester electrolytes.
This well-established formula provides a significant reference for the development of
LHCEs and leads researchers to consider the design strategy of LHCEs. We believe that
this LiPF6-based LHCE has a promising potential for application in future.

2. Materials and Methods

LiPF6, EC, DMC, N-methyl-2-pyrrolidinone (NMP) and TTE were offered from Shen-
zhen Capchem Technology Co. Ltd., China. Single crystal powder of LCO for 4.5 V was
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purchased from Shanshan Technology, China. Copper foil, aluminum foil, Celgard 2500,
super P, poly(vinylidene) fluoride (PVDF), graphite, carboxymethylcellulose (CMC) and
styrene-butadiene rubber (SBR) were purchased from Guangdong Canrd New Energy
Technology Co., Ltd., China. All the components for LHCEs were stored in a glove box
filled with Ar atmosphere (water and oxygen contents less than 5 ppm). The blank and
HCE electrolytes were 1 and 5 mol·L−1 LiPF6 dissolved in the mixture of EC and DMC
with a ratio of 1:9 in volume, respectively. TTE was carefully dried and added into the HCE
with stirring to prepare the LHCE electrolytes. All the preparations were performed in the
glove box.

The LCO electrodes were prepared by mixing single crystal LCO powder, super P, and
PVDF at a weight ratio of 96:2:2 in anhydrous NMP with planetary mixer for about 2 h.
Then the slurry was cast onto aluminum current collector and dried at 100 ◦C in vacuum
oven for 12 h. The final loading was controlled about 3 mAh·cm−2. The electrodes were
cut into circle dishes with a diameter of 12 mm. The graphite electrodes were prepared
by mixing graphite, CMC, SBR and super P at a weight ratio of 95:1.5:1:2.5 in water with
a planetary mixer for about 2 h. Then the slurry was cast onto copper current collector
and dried at 85 ◦C in vacuum oven for 12 h. The final loading was controlled about
3.2 mAh·cm−2, corresponding to the negative/positive (N/P) ratio of 1.07. The electrodes
were cut into circle dishes with a diameter of 14 mm. The separator was Celgard 2500 and
cut into circle dishes with a diameter of 19 mm. All these materials were assembled into
2025-type coin cells in the glovebox.

Linear sweep voltammetry (LSV) measurements were carried out using electrochemi-
cal workstation (CHI660E, Shanghai Chenhua Company). A three-electrode system was
introduced with Pt as working electrode, lithium metal as counter and reference elec-
trodes. The potential range was from open circuit voltage (OCV) to 5.5 V (vs. Li/Li+)
at the scanning rate of 0.2 mV s−1 to explore the oxidation stability of the electrolytes.
All the charge/discharge and constant high-voltage chronoamperometry measurements
were conducted on NEWARE battery system at 30 ◦C. Initially, the cells were charged to
4.5 V and discharged to 2.9 V at 0.1 C (1 C = 187 mA g−1) for 3 cycles as a formation step,
then the cells were cycled at different C rates in the same voltage range. During cycling,
direct current internal resistance (DCIR) process was inserted. Electrochemical impedance
spectroscopy (EIS) investigations were arranged after formation and 1000 cycles (150 cycles
for the blank sample) with Solartron 1260A impedance analyzer. The frequency range was
set from 0.02 Hz to 1 MHz and the fluctuation was 10 mV. All the cells were at 50% state of
charge (SOC) for the DCIR and EIS studies.

Conductivity measurements were carried out using a Metrohm 644 conductor meter
at 25 ◦C in a thermostat container. The viscosity of the electrolytes was measured on a pro-
grammable viscometer (Brookfield) at 25 ◦C in a homemade dry chamber (H2O < 10 ppm),
and the temperature was accurately controlled with control precision of ±0.5 ◦C using a
Brookfield TC-502 oil bath. X-ray photoelectron spectroscopy (XPS) measurements were
performed by PHI 5000 Versa probe II in a vacuum transfer chamber, with a monochromatic
Al Kα X-ray source (excitation energy = 1468.6 eV). The morphology of the cathode and
anode materials after long cycles were investigated by field emission-scanning electron
microscopy (FE-SEM, Tescan mira3, Oxford, Czech Republic). Nuclear magnetic resonance
(NMR) measurements were performed using Bruker Ascend 400 at room temperature.
Fourier Transform infrared spectroscopy (FTIR) was carried out using Bruker Vertex 70v
in a glove box with argon. Differential scanning calorimetry (DSC) measurements of the
electrolytes were conducted by DSC-3 of Mettler Toledo. In the DSC measurement, 10 mL
electrolyte was put in a sealed steel crucible. The sample was cooled from 25 ◦C to −25 ◦C
with the rate of 1 ◦C min−1.

3. Results and Discussion

The purpose of counter solvent aims to decrease the viscosity of HCEs without any
disturb to the solvent shell structure [29,44], which can be proved by simple physical prop-
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erties. Figure 1a,b display the viscosity and conductivity change during concentrating and
diluting. With the increase of the salt concentration from 1 to 5 mol L−1, the conductivity
drops down from 11 to 7.6 mS cm−1, and the viscosity increases dramatically from 5 to
176 mPa s. After the addition of TTE into the 5 M HCE, the viscosity of the 3M LHCE
decreases to 16.8 mPa s immediately, which is only 1/10 of the 5 M HCE. Though the
conductivity is 5.2 mS cm−1, it is still acceptable in real application [41]. Figure 1c depicts
the LSV results of the blank electrolyte, HCE and LHCEs. The oxidation current of HCE
and LHCEs is apparently lower than that of the blank electrolyte, and the 3 M LHCE
exhibits the lowest oxidation current. Interestingly, the higher current of the 1.5 M LHCE
suggests the possibility of the slight collapse in the solvent structure. Regarding these
results, the optimum electrolyte formula is selected to be the 3 M LHCE in this work.
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The electrochemical performance of the LCO//graphite cells with blank and LHCEs
was investigated by galvanostatic charge and discharge steps. Figure 2a shows the ini-
tial charge/discharge curves of the LCO//graphite cells at 0.1 C in the voltage range
of 2.9–4.5 V. The charge curves all present linear character, corresponding to a normal
charging process of LCO. The cells using the blank, 3 M LHCE and 1.5 M LHCE electrolytes
delivers specific charge capacities of 286.1, 225.4 and 218.3 mAh g−1, specific discharge
capacities of 169.6, 188.7 and 183.2 mAh g−1, corresponding to initial Coulombic efficiencies
(CEs) of 59.3%, 83.7% and 83.9%, respectively. The larger specific charge capacity and the
lower CE of the cell using the blank electrolyte than those of the cells using the LHCEs
indicate that the more decomposition of the electrolyte for the blank electrolyte, consuming
extra Li ions via decomposition.

After formation cycles, the cells were cycled at 0.5 C in the range of 2.9–4.5 V to inves-
tigate the long-term cycling performance. As displayed in Figure 2b, the LCO//graphite
cells with the LHCEs exhibit lower specific capacities in the initial 100 cycles compared
to the cell using the blank electrolyte, which is attributed to the lower conductivity of
the LHCEs. However, the poor stability of the blank electrolyte leads to the cell failure
in 200 cycles, and the specific capacity drops down quickly to 40 mAh g−1 at 170th cycle.
Instead, the cells using the LHCEs show extreme stability during 1000 cycles. The cells
using the 3 M LHCE delivers an initial specific capacity of 160 mAh g−1 and maintains
113 mAh g−1 after 1000 cycles, which means a capacity retention of 70%. To evaluate the
decomposition of electrolyte, the CE values of the cells upon cycling are also calculated and
provided in Figure 2b. The CE values of the cell with the blank electrolyte are always lower
than 97% and finally fluctuate randomly when capacity declines rapidly. In contrast, the
CE values of the cells using the LHCEs are more than 99% after formation cycle, and even
higher than 99.9% after 200 cycles, indicating an extraordinary stability during high-voltage
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cycling. Figure 2c demonstrates the advantage of using LHCEs via comparing the DCIR
values of the cells using the blank, 3 M LHCE and 1.5 M LHCE electrolytes upon cycling.
As can be seen, the resistance of the cell with the blank electrolyte increases fast after
several cycles, and becomes more than 100 Ω in 200 cycles. In comparison, the resistance of
the cell with the 3 M LHCE only grows from 26 Ω to 28 Ω after 1000 cycles. For the cell
using the 1.5 M LHCE, the resistance change is from 35 Ω to 47 Ω. Since the generation of
cathode electrolyte interphase (CEI) and solid electrolyte interphase (SEI) layers consumes
more solvents than PF6

− [22], the LHCEs with TTE are beyond limitation of solvation after
formation cycles. It is noted that the resistance of the cell with the 1.5 M LHCE is always
higher than that of the cell with the 3 M LHCE, which indicates that the stability of the
former is inferior, corresponding to severer electrolyte decomposition or more precipitation
of lithium salt.
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The following experiment verifies the advantage of using the 3 M LHCE against using
the 1.5 M LHCE, studying the rate capabilities of the cells using the different electrolytes.
The cells were charged/discharged at 0.2, 0.5, 1 and 2 C with each rate for five cycles in the
voltage range of 2.9–4.5 V, and returned to be charged/discharged at 0.2 C after the rate
measurements. The results are shown in Figure 2d. For the cell using the blank electrolyte,
the decomposition problem leads to poor performance as expected. This cell already
delivers low specific capacities of below 100 mAh g−1 at 1 C, and less than 50 mAh g−1 at
2 C. After returning to 0.2 C, the specific capacities are also much lower than the values
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in the initial five cycles at 0.2 C. For the cell using the 1.5 M LHCE, the situation becomes
even worse. When the rate is set as 1 C, it exhibits lower capacities compared to the cell
using the blank electrolyte, and it has almost no capacity at 2 C. The specific capacities
cannot be recovered to the original values when the rate is set back to 0.2 C. The even worse
rate capability of the cell using the 1.5 M LHCE at higher rates of 1 and 2 C than the cell
using the blank electrolyte is attributed to its lower ionic conductivity. Interestingly, the
cell using the 3 M LHCE displays super rate capability as shown in Figure 2d, which has
the highest specific capacities at different rates among the three kinds of cells. Though the
viscosity of the 1.5 M LHCE is lower, the poorer stability of solvation structure with this
concentration might lead to unexpected collapse and precipitation of lithium salt on the
interface, especially at higher rates. The stability against oxidation of the three electrolytes
was also confirmed by chronoamperometry measurements. After initial charge to 4.5 V,
the chronoamperometry plots of the LCO//graphite cells using different electrolytes are
demonstrated in Figure 2e. As can be seen, the leakage current of the cells using the LHCEs
is about 50% lower than the cell with the blank electrolyte. From these electrochemical
results, it can be concluded that the 3 M LHCE is the most promising formula, which could
deliver moderate characters, thus presenting excellent electrochemical performance.

The initial and 100th charge and discharge curves of the cells using different elec-
trolytes at 0.5 C in the voltage range of 2.9–4.5 V are drawn in Figure 3a,b, respectively.
The cell with the blank electrolyte exhibits less polarization compared to the cells using
the LHCEs in 100 cycles, due to its higher conductivity. Nevertheless, the difference of the
polarization between the cells using the blank and LHCEs electrolytes becomes small after
100 cycles, and the cell with the blank electrolyte shows obvious increase of the polarization
after 100 cycles. The results are also reflected from the cycling performance (Figure 2b) and
the DCIR results (Figure 2c), in which the cell with the blank electrolyte exhibits stable
cycling during initial cycles, and the rapid capacity fade occurs after several cycles. It is
speculated that the onset of the capacity fade depends on the degree of the electrolyte
decomposition. Moreover, the EIS results as shown in Figure 3c,d prove that although the
cell with the blank electrolyte has the smallest impedance after the formation, it displays
the largest impedance after 150 cycles, corresponding to the zone after the onset of the
capacity fade. Note that the semicircles reflect interfacial resistance, the intercept of x axis
is ohmic resistance, and the slope line behind corresponds to the diffusion resistance of Li+

ions [45]. After the formation, the cells using the LHCEs shower higher impedance than the
cell using the blank electrolyte. While after cycling, the cells with the LHCEs display small
interfacial impedance and negligible impedance change after 150 cycles, which indicates
the LHCEs form thin and stable interfacial layers at 4.5 V for long cycling. In addition,
the cell with the 3 M LHCE has smaller interfacial impedance than the cell with the 1.5 M
LHCE, which proves again that the 3 M LHCE is the most outstanding formula.

To understand the structure change after diluting, NMR was employed to depict the
cooperation behaviors between Li+ ions and solvents. As shown in Figure 4a, the H peak of
DMC at <4.5 ppm shifts to lower position when the salt concentration increases, indicating
that the electric cloud of the solvent molecules is severely attracted by abundant Li+ ions.
The peak of EC at >5 ppm shows no change when 1 M LiPF6 is used compared to the
pure mixed solvents, but it starts to shift toward lower positions when more LiPF6 salts
are added. After the addition of TTE, as shown in Figure 4b, the H peaks of DMC and
EC in the 1.5 M LHCE and 3 M LHCE show the same position and intensity as in the 5M
HCE, demonstrating that the addition of TTE does not influence the solvation structure of
DMC and EC. Moreover, the H peaks of TTE in the LHCEs appear without obvious shift,
proving that the participation of TTE in the solvation process outside the previous HCE
solvation sheath.
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pure mixed solvents, but it starts to shift toward lower positions when more LiPF6 salts 
are added. After the addition of TTE, as shown in Figure 4b, the H peaks of DMC and EC 
in the 1.5 M LHCE and 3 M LHCE show the same position and intensity as in the 5M HCE, 
demonstrating that the addition of TTE does not influence the solvation structure of DMC 
and EC. Moreover, the H peaks of TTE in the LHCEs appear without obvious shift, prov-
ing that the participation of TTE in the solvation process outside the previous HCE solv-
ation sheath. 

Figure 3. (a) Initial charge and discharge curves of the LCO//graphite cells with the blank, 3 M LHCE and 1.5 M LHCE
electrolytes at 0.5 C in the voltage range of 2.9–4.5 V; (b) The 100th charge and discharge curves of the LCO//graphite cells
with different electrolytes; (c) Nyquist diagrams of the LCO//graphite cells with different electrolytes after formation cycles;
(d) Nyquist diagrams of these cells after 150 cycles (blank) and 1000 cycles (LHCEs).

FTIR was also used to investigate the solvation structure of electrolytes. As shown in
Figure 5, the stretch vibration peaks of C=O at 1750 cm−1 and 1720 cm−1 represent free
DMC and solvated DMC, respectively. In the blank electrolyte, the peak at 1750 cm−1 is
still obvious, but it becomes negligible in HCE and LHCEs. Similar situation occurs on the
peak pair at 1270 cm−1 and 1307 cm−1 of C-O-C in DMC. Interestingly, the coordination of
Li and DMC leads to blue shift here, which is opposite to the peaks of C=O. The in-plain
bending vibration of C-C in DMC at 1454 cm−1 is also influenced by solvation, but the
blue shift is only 13 cm−1 due to the group is far from Li+. The sharp peak at 839 cm−1 in
the blank electrolyte is from free PF6

−. In HCE and LHCEs, the peak becomes broadened
due to the contact ion pairs with PF6

- in different chemical environments. The peak at
1105 cm−1 corresponds to the specific vibration of ether bond in TTE, and the peak of EC is
not observed for its low proportion.
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Owing to the high viscosity and melting point of HCE, the changes of thermal prop-
erties are also significant in the design of LHCEs. DSC was performed to investigate the
freezing point of electrolytes, and the results are shown in Figure 6. As can be seen, the
blank electrolyte has no peak from 25 ◦C to −25 ◦C for its low concentration, while a peak
at 0 ◦C is observed for the 5 M HCE, corresponding to its freezing or precipitation point. In
comparison, the peaks of the 3 M and 1.5 M LHCEs are −13 ◦C and −16 ◦C, respectively,
which indicates the better low-temperature performance of LHCEs compared to the 5 M
LHCE. Nevertheless, the low-temperature performance of LHCEs needs to be enhanced in
the practical application.
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Figure 6. DSC curves of blank electrolyte, 5 M HCE, 3 M LHCE and 1.5 M LHCE.

Figure 7 displays the structure illustrations of the solvent shells for the blank, 5 M HCE
and 3 M LHCE electrolytes. In the blank electrolyte (Figure 7a), Li+ ions are fully coordi-
nated, along with free negative ions and extra solvents. This structure allows low viscosity,
but the abundant electrons of solvent are neutralized with Li ions, which leads to low
oxidation voltage [22]. When the salt concentration increases to 5 M (Figure 7b), most Li+

ions have just one or two solvent molecules around, and the negative ions become pairs or
aggregate with solvent shells. Though this structure improves stability, the absent of free
solvents results in extremely high viscosity [30,46]. After TTE is added, it will not join into
previous solvent’s shell for its poor compatibility. Instead, it becomes a lubricant between
shells and finally decreases viscosity to an acceptable range [34].
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The corresponding explanations from microscale and surface components are also
provided. Figure 8 presents the SEM images of the LCO cathodes and graphite anodes
after cycling. As can be seen, the LCO cathode with the blank electrolyte presents thick
and mossy interface after cycling at high voltage (Figure 8a). Instead, with 3 M LHCE,
the surface of the LCO (Figure 8b) is cleaner and smoother, indicating less electrolyte
decomposition. When the concentration of the LHCE drops down to 1.5 M, the surface
becomes slightly rough and irregular. It is considered that after consumption of solvent
during SEI/CEI formation, the solvent shell is not stable with a large amount of TTE.
Similar results are also observed on the graphite anodes (Figure 8d–f). The graphite anodes
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with the blank electrolyte and 1.5 M LHCE exhibit a thicker and rougher surface, compared
to that with the 3 M LHCE.
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Figure 9 shows the C 1s, F 1s and O 1s XPS spectra of the LCO cathodes after cycling
with different electrolytes. In the corresponding C1s spectra, the peaks of 290.2 eV and
288.2 eV represent F-C-F in PVDF and C=O band in the carbonates and organic layer,
respectively [47,48]. The peak at 290.2 eV shifts to 289.0 eV with LHCEs, owing to H-C-F
products from TTE. Instead, since less solvent generates fewer organic products with
LHCEs [49,50], the C=O peak moves to similar position with H-C-F bond. The peak at
286.5 eV belongs to the C-O group of lithium alkyl carbonates [49–51]. The F1s spectra
indicate more LiF could be formed on the surface due to some side reactions of TTE [22]. The
moderate amount of LiF in the 3 M LHCE is believed to be beneficial for the improvement of
the electrochemical performance [52], while excess LiF in the 1.5 M LHCE is not necessary.
In O1s spectra, the peaks at 531.2 eV and 532.6 eV correspond to C=O and C-O of lithium
alkyl carbonate, respectively, and the ratio of the two peaks slightly changes between the
blank electrolyte and LHCEs, which is probably from the different participations of EC and
DMC in the solvation when the concentration changes. Another small peak at 529.4 eV
represents oxygen in LiCoO2. With LHCEs, the intensity of this peak drops down to less
than 15% of the cathode using the blank electrolyte, indicating the formation of loose and
incompact CEI layer using the blank electrolyte. Note that the absolute peak intensity
here cannot be an indicator of concentration due to the free path of electrons in most CEI
components is only about several nanometers, so that higher peaks of LiRCO3 and Li2CO3
with the LHCEs are possible. The C-O bond with the blank electrolyte may correspond to
PEG, which is always on the outer layer of CEI [53]. Therefore, the massive PEG from the
decomposition of electrolyte would impair the signals of inorganic components [54].
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Figure 9. XPS spectra of C 1s, F 1s and O 1s of the LCO cathodes after cycling with different electrolytes.

Figure 10 provides the C 1s, F 1s and O 1s XPS spectra of the graphite after cycling
with different electrolytes. In C1s spectra, less intense C=O peaks of LHCEs reveal the
reduction is also suppressed by this special solvent structure. The peak at 284.5 eV of
C-C/C-H expands after LHCEs are introduced in, indicating an elastic polymer matrix
component is generated, which would benefit for the cycling performance of graphite. In
F1s spectra, higher LiF peaks at 685.3 eV are also observed in the LHCEs, which is similar
to other previous results of LHCE, including α-HFEs [42] and β-HFEs [55]. In O1s spectra,
an obvious peak of Li2O at 529.8 eV from sample with LHCEs suggests less decomposition
of carbonates. Interestingly, this result corresponds to the spectra when VC additive is
involved in [53], which forms a stable and effective SEI layer on anode with excellent
performance in commercial application. Li2O has been proved as a vital part for preserving
the electronic insulation characteristic of the SEI layer [56]. Therefore, our LHCEs designed
for high voltage cathode also improve the property of SEI on graphite anode.
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4. Conclusions

In the current study, a novel carbonate-based LHCE has been developed with the
use of LiPF6 as Li salt and TTE as the counter solvent. By controlling the concentration
as 3 M and a solvent ratio of EC:DMC:TTE = 1:9:8 in volume, the LHCE kept the solvent
structure of HCEs well in the DMC/EC solvent, but showed a dramatically reduced
viscosity. Consequently, the LCO//graphite full cells using the LHCE achieve an average
coulombic efficiency as high as 99.9% and an extraordinary capacity retention of 70%
after 1000 cycles at 0.5 C within 2.9 to 4.5 V. The outstanding electrochemical performance
should be attributed to much enhanced interfacial stability with the assistance of TTE in
LHCE, which has been well proved by electrochemical impedance spectra as well as the
disassembled morphology and element measurements on both cathode and anode. This
LHCE formula extends the study system, i.e., the choice of lithium salt and counter solvents
to a new scope for the design of novel LHCEs for high voltage Li-based batteries.
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