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Nickel-rich LiNi0.8Co0.1Mn0.1O2 (NCM811) is one of the most promising positive

electrodes for utilization in the next-generation of lithium-ion batteries.

Charging the NCM cells above 4.3 V is proposed to be beneficial for its

reversible capacity. However, the high reactivity of the NCM811 usually

results in parasitic electrolyte degradation, which is accelerated with the

increase of the Ni content in the NCM positive electrodes, leading to the

thickening of the positive electrode-electrolyte interphase during cycling.

Herein, to counter this issue, we select partially fluorinated solvents, such as

methyl 3,3,3-trifluoropropanoate (MTFP) and 1,1,1,2,2,3,3,4,4-nonafluoro-4-

methoxybutane (NFMB), as a co-solvent for fluoroethylene carbonate (FEC)-

based electrolytes, and detailed investigate theirs physical, chemical, and

electrochemical properties for applications in NCM811 materials. Compared

to the carbonate-based electrolyte without a fluorinated solvent, the

electrolytes with a fluorinated co-solvent display an obviously enhanced

cycling performance of the Li/NCM811 cells charged to above 4.5 V. This

work suggests that fluorinated co-solvent electrolytes provide an alternative

way to the high-concentration electrolyte for the design of new electrolyte

systems for high energy density lithium-ion batteries.
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Introduction

Electrochemical energy storages are the most important form of energy storages.

Nowadays, lithium-ion batteries (LIBs) are the important power sources for portable

electronics, electric vehicles, aerospace, and deep-sea diving devices due to their high

energy density, acceptable cycle life, and no memory effect (Wang et al., 2020; He et al.,

2021). With the continuous expansion of the application fields of LIBs, lots of efforts have

been made to further improve their energy density and safety (Leach et al., 2022; Li et al.,
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2022; Yang et al., 2022). So far, Nickel-rich LiNixCoyMn1-x-yO2

(NCM for short, x ≥ 0.6) materials, specially, Nickel-rich

LiNi0.8Co0.1Mn0.1O2 (NCM811 for short) positive electrodes

are one of the most promising positive electrodes for

utilization in the next-generation of lithium-ion batteries (Li

et al., 2020; Xue et al., 2021). The theoretical capacity of

NCM811 can reach 278 mAh g−1, but its practical capacity is

only 130–200 mAh g−1, which is mainly due to the limited

cyclability of NCM811 battery at a cut-off voltage of >4.3 V
(Xu et al., 2020; Fan and Wang, 2021; Niu et al., 2021; Zhang

et al., 2021). Noted that the reversible capacity of the NCM811 is

positively associated with the charging cut-off voltage (Chen

et al., 2017). Charging the NCM batteries above 4.3 V is proposed

to be advantageous to its reversible capacity. Thus, increasing the

charging cut-off voltage is an attractive approach to further

improve the reversible capacity of the NCM811 positive

electrodes. However, because of the poor stability against

oxidation of conventional carbonate-based electrolytes above

4.3 V vs. Li+/Li, it is now well recognized that the high

reactivity of the NCM811 usually results in parasitic

electrolyte degradation, which is accelerated with the increase

of the Ni content in the NCM positive electrodes, leading to the

thickening of the positive electrode-electrolyte interphase upon

cycling (Li et al., 2015; Ryu et al., 2018). Some strategies,

including surface coating with the oxide layer (Schipper et al.,

2017; Huang et al., 2019), designing concentration-gradient

structures (Park et al., 2015; Lim et al., 2016), utilizing

functional electrolyte additives (Li et al., 2017; Lan et al.,

2019; Liu et al., 2019; Lim et al., 2020; Gu et al., 2022), and

employing anti-oxidative electrolytes (Cao et al., 2019a; Heist

et al., 2019; Liu et al., 2022), have been proposed to enhance the

interfacial stability of the NCM electrodes. Among these

strategies, electrolyte engineering is thought to be one of the

most effective and feasible approaches to stabilize the interface

between the electrode and the electrolyte.

The fluorinated solvent-containing electrolytes, with high

electrochemical stability, are valuable options for nickel-rich

NCM811 positive electrodes under this background (Fan

et al., 2018; Xia et al., 2021; Pham et al., 2019; Cao et al.,

2019a; Lee et al., 2019; Zhu et al., 2022]. For instance, Pham

et al. (Pham et al., 2019) have reported highly stable cycling of Li/

NCM811 cells up to 100 cycles with a capacity retention of 95%

by charging to 4.5 V in a non-flammable electrolyte of propylene

carbonate (PC) and fluorinated linear carbonates. Unfortunately,

the good performance has been gained with low current density

(0.2C), which may due to its high viscosity. Introducing low-

viscosity cosolvents into highly concentrated electrolytes has

been proven as a feasible route to reduce viscosity and obtain

good compatibility toward 4 V-calss Ni-rich positive electrodes

(Cao et al., 2019b; Lee et al., 2019). Meanwhile, the fluorinated

aromatic diluents pairing with anions has been proposed as a new

class of cosolvents for high-concentration electrolytes of

consisting of a mixture of lithium bis(fluorosulfonyl)imide

(LiFSI), 1,2-dimethoxyethane (DME) (Zhu et al., 2022). This,

the anion-diluent pairing’s improved compatibility with the

reactive Ni-rich electrodes, enables an 80% capacity retention

of a 20 μm thin Li/high-loading-NCM811 (3.5 mAh cm−2) cell

for 260 cycles at a cut-off charging voltage of 4.3 V. Not long ago,

1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE)

has also been demonstrated as an inert cosolvent to develop a

nonflammable low concentration electrolyte for Graphite/

NCM523 pouch cells (Guan et al., 2022). This case casts a

new insight into the development of LIB electrolytes.

Although progresses have been made in stabilizing fluorinated

interphases through fluorinated co-solvents, studies on enabling

the cycling of NCM811 at a high cut-off charging voltage of above

4.5 V are still rare.

In our previous work (Xia et al., 2021), we found that the

partially fluorinated ethers, such as 1,1,1,3,3,3-

hexafluoroisopropyl methyl ether (HFPM) and 1,1,2,2-

tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), as a co-

solvent of fluoroethylene carbonate (FEC)-based electrolytes,

demonstrated an obviously improved cycling and rate

properties of the Li/NCM811 cells cycled between 2.7 and

4.3 V. However, these two cosolvents cannot improve the

cycling of NCM811 at a high cut-off charging voltage of

SCHEME 1
Molecular structures of all solvents used in this work.
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above 4.5 V. Therefore, in this work, we select partially

fluorinated solvents, including methyl 3,3,3-

trifluoropropanoate (MTFP) and 1,1,1,2,2,3,3,4,4-nonafluoro-

4-methoxybutane (NFMB), as a co-solvent for fluoroethylene

carbonate (FEC)-based electrolytes to suppress the electrolyte

decomposition during NCM811 cycling stability at high voltage

operation. Scheme 1 displays the molecular structures of all used

solvents. We systematically investigate their electrochemical

properties for applications in NCM811 electrode materials.

Compared to the carbonate-based electrolyte without a

fluorinated solvent, the electrolytes with a fluorinated co-

solvent displays an obviously enhanced cycling performance

of the Li/NCM811 cells charged to 4.7 and 4.8 V.

Materials and methods

Materials

High energy density positive electrode materials-single

crystal Nickel-rich LiNi0.8Co0.1Mn0.1O2 (NCM811) powders,

super carbon black powders, N-methyl pyrrolidone (NMP,

purity: ≥99.5%) and polyvinylidene difluoride (PVDF, purity:

≥99.5%) were purchased from Shenzhen Kejing Zhida

Technology Co., Ltd. Lithium battery grade solvents including

ethylene carbonate (EC, purity: ≥ 99.5%) and ethyl methyl

carbonate (EMC, purity: ≥ 99.5%) and lithium salt LiPF6,

were purchased from Shanghai Yongchuan Biological Co., Ltd.

Fluorinated solvents, such as methyl 3,3,3-trifluoropropanoate

(MTFP, purity ≥97%), 1,1,1,2,2,3,3,4,4-nonafluoro-4-

methoxybutane (NFMB, purity: ≥ 99%) and fluoroethylene

carbonate (FEC) were also purchased from Shanghai

Yongchuan Biological Co., Ltd. Lithium sheets (purity: ≥ 99%)

were purchased from China Energy Lithium Co., Ltd. All these

materials were used without any measurements.

Preparation of electrolytes and electrodes

All the electrolyte solutions were prepared in a glove-box

filled with high purity argon (purity: 99.99%). First, we prepared

the FEC-based electrolyte of 1 mol L−1 (M) LiPF6 EMC-FEC (6:1,

v/v). Then, we added some fluorinated solvent into the above-

mentioned FEC-based electrolyte, and obtained the electrolytes

of 1 M LiPF6 MTFP/EMC/FEC (3:6:1, v/v/v) and 1 M LiPF6
NFMB/EMC/FEC (3:6:1, v/v/v). For comparison, the

conventional EC-based electrolyte was composed of 1.0 mol

L−1 LiPF6 dissolved in the mixture solvent of EMC and EC in

a 6:1 volume ratio (noted as 1 M LiPF6 EMC/EC). The electrodes

were prepared by using 80 wt% NCM811 positive electrode

materials as active materials, 10 wt% super P carbon black

powders as conductive materials and 10 wt% polyvinylidene

fluoride as binders. The obtained uniform NCM811 slurry

was casted on an aluminum foil with a thickness of 25 µm by

the scraper method. And then the obtained electrodes were dried

in a vacuum drying oven at 120°C for 12 h. After drying, the

MSK-T10 manual punch was used to punch out the

NCM811 electrode sheets with diameter 12 mm. Before

assembling into CR2032 coin-cells, all the electrode sheets

were dried at 60°C for 6 h again.

Electrochemical tests and
characterization techniques

Their ionic conductivities were measured on a DDSJ-319L

conductivity meter (Shanghai INESA Scientific instrument Co.,

Ltd.) in the temperature range from ‒40 to 60°C. To test the

chemical stability of pure solvents with Li sheet, we took Li metal

sheet immersing in the pure solvent in an Ar-filled glove box.

Then, we collected the corresponding picture after placed for 0,

6 and 24 h. The oxidative stabilities of the prepared electrolytes

were obtained by cyclic voltammetry (CV), which used stainless

steel symmetrical CR2032-type coin-cells using a CHI660e

electrochemical workstation (Shanghai Chenhua instrument

Co., Ltd.) at a scanning speed of 0.1 mV s−1. The battery

charge and discharge tests were carried out on the computer-

controlled battery charger (LANDCT 3002A land battery test

system, Wuhan, China). The current density was 40 mA g−1, and

the charge/discharge voltage range was 2.7–4.5 V. In order to

obtain the rate properties of Li/NCM811 coin-cells with different

electrolytes, the rate charge-discharge tests were carried out at a

current density of 20 mA g−1 (C/8), 40 mA g−1 (C/4), 80 mA g−1

(C/2), 160 mA g−1 (1C), 320 mA g−1 (2C) and 640 mA g−1 (4C).

To investigate the high-voltage cycle performance of fluorine-

containing electrolytes at a high cut-off voltage of >4.5 V, the
electrochemical performance of NCM811 cells charged to 4.7 and

4.8 V was measured at a current density of 40 mA g−1. The

graphite/LiCoO2 pouch cells (Type: 401824, 265 mAh, balanced

for 4.45 V) without electrolyte were fabricated by EVE Energy

Co., Ltd. These cells without drying treatment were transferred

into the argon-filled glove-box. And then, the electrolyte was

injected into the pouch cell that was then sealed. The formation

process and electrochemical tests were measured by the

LANDCT 3002K-1A land battery test system. The formation

process was as follows: the cells in this study were charged with

the current of 53 mA for 30 min with a cut-off voltage of 3.4 V,

and the constant current charging process was carried out for

70 min at 185.5 mA with the cut-off voltage of 4.1 V and the cut-

off current of 13.25 mA. After the formation steps, the pouch

cells were charged and discharged at 53 mA (0.2 C) between

2.7 and 4.5 V with the constant-current constant-voltage

(CC–CV) protocol at room temperature. The cut-off current

for CC-CV protocol was 0.02 C. The low-temperature

performance of the coin-cells was tested in high-low

temperature test chamber.
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Scanning electron microscopy (SEM) tests were measured on

the surface of NCM811 electrodes before and after cycled. For

SEM measurements, the NCM811/Li coin-cells were cycled and

disassembled in a glove box. The NCM electrodes were directly

collected without pure DMC washing. The electrochemical

impedance spectroscopy (EIS) was carried out on the

CHI660e electrochemical workstation (Shanghai Chenhua

instrument Co., Ltd.). The EIS measurements in the frequency

range of 100 kHz~100 mHz were performed with an oscillation

amplitude of 5 mV.

Results and discussion

All the prepared electrolytes are transparent, colorless

liquids. In order to study the reactivity of Li metal with the

pure solvent at room temperature, we did a series of chemical

stability experiments. The change trend of the chemical stability

of pure solvents with storage time can be visually observed by

immersing Li sheets into the pure solvent. Figure 1 shows the

photos of these pure solvents and Li sheets after storage for 0,

6 and 24 h, respectively. After 24 h, for MTFP, its color becomes

light yellow, which may be due to the reaction between the MTFP

FIGURE 1
Reactivity of lithium metal sheet and pure solvents at room temperature.

FIGURE 2
Ionic conductivity of different electrolytes in the temperature
range of ‒40–60°C.

FIGURE 3
Cyclic voltammetry curves of electrolytes at a scan rate of
0.1 mV s−1 at 25°C on Li/SS coin cells.
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and Li metal. However, in pure NFMB, there is still no obvious

color change for Li sheet and the solvent even after 24 h. Such an

experimental phenomenon demonstrates that the NFMB can

form stable SEI film on Li metal, which may be beneficial to the

long-term cyclic stability of these solvent-containing electrolytes

for lithium-ion batteries.

Figure 2 shows the ionic conductivities of two fluorinated

cosolvent-containing electrolytes (1 M LiPF6 MTFP/EMC/FEC

and 1 M LiPF6 NFMB/EMC/FEC), two control electrolytes (1 M

LiPF6 EMC/FEC and 1 M LiPF6 EMC/EC). The conductivity of

all these electrolytes has been found to increase with an increase

in the temperature. However, at 60°C, the ionic conductivity of

the electrolytes containing fluorinated solvents has been found to

slightly decrease, which may be due to the decomposition of the

FEC-containing electrolytes at 60°C. The introduction of NFMB

into the 1 M LiPF6 EMC/FEC electrolyte reduces the ionic

conductivity of this electrolyte. However, compared to the

1 M LiPF6 EMC/FEC electrolyte, MTFP with the carboxylic

ester group can be beneficial to dissolve lithium salt, thus

slightly increasing the conductivity of the 1 M LiPF6 MTFP/

FIGURE 4
Charge-discharge cycling performances of Li/NCM811 coin-cells assembled with different electrolytes at a cut-off voltage of 2.7–4.5 V and a
current density of 0.2 C.
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EMC/FEC electrolyte in the temperature range of ‒40–60°C.

Even at the low temperature of ‒40°C, the conductivity of the 1 M

LiPF6 MTFP/EMC/FEC electrolyte is 1.709 mS cm−1, which is

slightly higher than that of the EC-based electrolyte (1.264 mS

cm−1), and beneficial to its ion transport below ‒40°C.

In order to test the electrochemical voltage window of all the

prepared electrolytes, cyclic voltammetry (CV) measurements

were carried out. Figure 3 displays the cyclic voltammetry curves

of Li sheet/stainless steel (Li/SS) CR2032 coin-cells containing

different electrolytes in a voltage range of 0–6 V on CHI660e

electrochemical workstation. The scanning speed is 0.1 mV s−1.

The Li/SS cells using the EC-based electrolyte experience

significantly increased oxidation peaks above 4.1 V. Other

three cells with fluorinated solvent-containing electrolytes

show similar CV curves. Compared to the EC-based

electrolyte, the oxidation stabilities of these fluorinated

solvent-containing electrolytes were significantly improved, no

obvious increase in oxidation current were observed until 6 V,

which demonstrated an enhanced antioxidation stability and

favored high-voltage positive electrodes. This result is mainly

FIGURE 5
Charge-discharge cycling performances of Li/NCM811 coin-cells assembled with different electrolytes at a cut-off voltage of 2.7–4.7 V and a
current density of 0.2 C.
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due to the strong electro-negativity and weak polarity of fluorine

atoms, the use of fluorine-containing solvent can effectively

increase the oxidation decomposition voltage of the

electrolyte, and thus the fluorine-containing cosolvent

electrolyte can more easily meet the requirement of high-

voltage electrolytes.

Figure 4 shows the comparison of the cycling properties of

the Li/NCM811 cells cycled between 2.7 and 4.5 V with different

electrolytes. As shown in Figure 4, in 1 M LiPF6 EC/EMC

electrolyte, the discharge capacity fades very rapidly with just

93.1% capacity retention after 100 cycles, which may be due to

the instability interface. However, in other three electrolytes,

significantly improved cycling performances are achieved. All the

cells were stably cycled to the cut-off voltages of 4.5 V. As seen in

the charge-discharge profiles, the cells assembled with 1 M LiPF6
MTFP/EMC/FEC and 1 M LiPF6 NFMB/EMC/FEC show similar

charge-discharge curves, and a highly reversible charge-discharge

behavior.

Fluorinated co-solvents of MTFP and NFMB are anticipated

to promote high-voltage cycling performances of the

NCM811 positive electrodes. In order to obtain higher voltage

cycling performance, cycling tests of the cells at 2.7–4.7 V and

FIGURE 6
Charge-discharge cycling performances of Li/NCM811 coin-cells assembled with different electrolytes at a cut-off voltage of 2.7–4.8 V and a
current density of 0.2 C.
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2.7–4.8 V were also measured as shown in Figures 5, 6. Once

increasing the charge cut-off voltage to 4.7 and 4.8 V in the 1 M

LiPF6 EMC/EC and 1 M LiPF6 EMC/FEC, the capacities of the

cells faded very quickly, which showed that these two electrolytes

did not satisfy the high-voltage cycling requirements of the

NCM811 electrodes. Noted that for the 1 M LiPF6 EMC/EC,

the capacity faded very quickly leading to just 59.7% capacity

retention after 100 cycles. However, the cells with 1 M LiPF6
MTFP/EMC/FEC and 1 M LiPF6 NFMB/EMC/FEC showed

good high-voltage cycling performances along with a

discharge capacity is about 181.1 mAh g−1 and 177 mAh g−1

after 80 cycles, that is 96.1 and 91.3%, respectively. Moreover,

when even charged to 4.8 V as shown in Figure 6, the

NCM811 cells with 1 M LiPF6 MTFP/EMC/FEC still showed

excellent performance. After 100 cycles, the discharge capacity

still reached to 183.9 mAh g−1, that is, 93.2% capacity retention of

its capacity of second cycle. These improved high voltage cycling

performances may be attributed to their highly oxidative stability

and very good LiF-rich interphase layers on the two electrodes

(Fan et al., 2019). Unfortunately, the discharge capacity and

capacity retention of the cells with 1 M LiPF6 NFMB/EMC/FEC

were 160.2 mAh g−1 and 81.2%, respectively, which were still

much better than those of cells in the control group electrolytes.

The reason was that theMTFP could form amore stable interface

on the surface of the NCM811 positive electrodes, inhibiting the

further parasitic reaction between the electrolyte and the positive

electrode, and thus improving the high voltage cycle performance

of the battery. These data showed that our prepared electrolytes

caused the improvement of the high-voltage stability of the

NCM811 electrode.

Figure 7A compares rate capability of Li/NCM811 coin-cells

assembled with different electrolytes at the rate fromC/8 to 4 C at

room temperature and in the voltage range of 2.7–4.5 V. We

observe that the cells with the EC-based electrolyte delivers a

FIGURE 7
(A): Rate capability of Li/NCM811 coin-cells assembled with different electrolytes at the rate fromC/8 to 4 C; (B): Discharge curves of the coin-
cells at 25 and ‒40°C with the current of 0.2 C.

FIGURE 8
EIS tests of Li/NCM811 coin-cells assembled with different electrolytes at discharged to 3.0 V, (A) after 1 cycle; (B) after 50 cycles.
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discharge capacity of 187.3 mAh g−1 at C/8, 172.5 mAh g−1 at C/4,

157.9 mAh g−1 at C/2, 146.6 mAh g−1 at C and 126.7 mAh g−1 at

2C, suggesting a poor rate performance. However, the Li/

NCM811 cells using the fluorinated solvent-containing

electrolytes show a good rate property. Specially, the cells with

1 M LiPF6 NFMB/EMC/FEC show an enhanced rate

performance, and deliver a specific capacity of 191.1 mAh g−1

at C/8, 177.9 mAh g−1 at C/4, 164.6 mAh g−1 at C/2, 156 mAh g−1

at C. Even at 2C, the discharge capacity can reach to 139 mAh g−1.

However, at 4C, the introduction of NFMB and MTFP into the

1 M LiPF6 EMC/FEC electrolyte reduces the reversible capacity

of the cells. The reason may be high viscosity of the 1 M

LiPF6 NFMB/EMC/FEC and 1M LiPF6 MTFP/EMC/FEC,

which cause their low conductivities at room temperature, as

shown in Figure 2. When the rate is recovered to C/8, cells using

the EC-based electrolyte show a low-capacity retention of 89.54%

after 30 cycles, while the cells using 1 M LiPF6 MTFP/EMC/FEC,

1 M LiPF6 NFMB/EMC/FEC and 1 M LiPF6 EMC/FEC display

an improved capacity retention of 93.86, 93.62 and 94.37% after

30 cycles, respectively. These data show that the addition of

fluorinated co-solvents into the electrolyte can significantly

improve the rate performance of the battery, which may be

attributed to the interfacial stability of the battery.

The battery with NFMB/EMC/FEC demonstrated better rate

performance than that with MTFP/EMC/FEC, however,

according to the charge-discharge performances, the cells with

MTFP/EMC/FEC showed better cycling stability than that with

NFMB/EMC/FEC, especially at high voltage operation.

FIGURE 9
SEM images of electrodes at different states: (A) primary NCM811 electrode and cycled NCM811 electrode at a cut-off voltage of 2.7–4.8 V after
50 cycles with different electrolyte solutions: (B) 1 M LiPF6 EMC/EC, (C) 1 M LiPF6 EMC/FEC, (D) 1 M LiPF6 NFMB/EMC/FEC, (E) 1 M LiPF6 MTFP/
EMC/FEC.
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Therefore, the low-temperature performances were measured to

demonstrate the Li+ transport capability in both the 1 M LiPF6
MTFP/EMC/FEC electrolyte and the 1.0 M LiPF6 EMC/EC

electrolyte at a low temperature of ‒40°C. Figure 7B shows

the discharge curves of the coin-cells using these two

electrolytes at 0.2 C at 25 and ‒40°C. The discharge capacities

for the fluorinated electrolyte-based cells are 202.2 mAh g−1 at

25°C, and 134.7 mAh g−1 at ‒40°C, whereas they are only

180.8 mAh g−1 at 25°C, and 109.6 mAh g−1 at ‒40°C for the

EC-based cells. Furthermore, the discharge voltage of the cells

with 1 M LiPF6 MTFP/EMC/FEC electrolyte is higher than that

of the EC-based cells at the corresponding temperature,

indicating that the cell with the 1 M LiPF6 MTFP/EMC/FEC

electrolyte can deliver a much higher energy output at low

temperature of ‒40°C. The good low temperature of the

MTFP-based cells may be due to its higher conductivity at ‒

40°C, which is consistent with the results from the Figure 2.

In order to obtain the NCM811 electrode-electrolyte

interface resistance of coin-cells, electrochemical impedance

spectroscopy (EIS) was used to measure the impedance

change of the battery after 1 cycle and 50 cycle, respectively.

As shown in Figure 8A, after the first cycle, the Li/NCM811 cells

using the 1 M LiPF6 MTFP/EMC/FEC electrolyte and the 1.0 M

LiPF6 NFMB/EMC/FEC electrolyte show a low interfacial

impedance, while the cells using the 1.0 M LiPF6 EMC/FEC

electrolyte display a high interfacial impedance, suggesting

that the introduction of MTFP and NFMB into 1.0 M LiPF6
EMC/FEC, is beneficial to form a low interfacial-impedance

interphase on the surface of NCM811 electrodes. Moreover,

the values of these interfacial resistance for the cells using

fluorinated solvent-containing electrolytes are smaller than

that for the cells with the EC-based electrolyte after 1 cycle.

In contrast, after 100 cycles, the interfacial resistance at high

frequencies on the cycled NCM811 electrodes using both the EC-

based electrolyte (1.0 M LiPF6 EMC/EC) and 1.0 M LiPF6 EMC/

FEC, is obviously decreased as displayed in Figure 8B. These

similar results are consistent with our previous results (Xia et al.,

2021), which may be ascribed to the metal ion dissolution from

the positive electrodes. For the EIS of 1 M LiPF6 MTFP/EMC/

FEC electrolyte, after 50 cycles, this interfacial impedance is

slightly decreased in comparison with that after 1 cycle. These

results indicated that the interfacial stability has a major impact

on the enhancing cycling stability of the cells.

To investigate the interfacial properties of the

NCM811 electrodes cycled in different electrolytes, Figure 9

gives the SEM images of the primary NCM811 electrode and

cycled NCM811 electrodes at a cut-off voltage of 2.7–4.7 V after

50 cycles. It can be obviously seen from Figure 9A that the SEM

image of the primary NCM811 electrode shows some

NCM811 micron size-class powder particles. Figure 9B

displays that there are nearly no NCM811 particles when

cycled in the conventional electrolyte 1.0 M LiPF6 EMC/EC.

The reason may be that some degradation species were

deposited in the surface of electrode, which is due to the

continuous decomposition of the electrolyte 1.0 M

LiPF6 EMC/EC at high cut-off potential. In contrast, some

NCM811 particles cycled in the fluorinated solvent-containing

electrolytes appeared to be well-maintained after 50 cycles

(Figures 9D,E). Moreover, the introduction of NFMB and

MTFP into the 1 M LiPF6 EMC/FEC electrolyte reduces the

excessive growth of the interfacial layer.

To test the compatibility of the prepared electrolyte 1 M

LiPF6 MTFP/EMC/FEC with the full battery, Figure 10

compares the cycling performances of the Graphite/

LiCoO2 pouch cells with the 1 M LiPF6 MTFP/EMC/FEC

electrolyte to those with the conventional electrolyte 1.0 M

LiPF6 EMC/EC. As displayed in Figure 10, the pouch cells

using the 1 M LiPF6 MTFP/EMC/FEC electrolyte deliver a

97.2% capacity retention after 60 cycles, which is slightly

higher than that of the pouch cell with the EC-based

electrolyte (95.3%). This result may be attribute to the

better anti-oxidative property of the 1 M LiPF6 MTFP/

EMC/FEC electrolyte than that of the EC-based electrolyte.

These results suggest the good compatibility with the MTFP-

based fluorinated electrolyte with two electrodes and low

interfacial resistance.

Conclusion

In conclusion, to improve high voltage cycling performance

of NCM811 electrodes, we selected the MTFP and NFMB, as a

cosolvent for the FEC-based electrolyte. These results showed

FIGURE 10
Cycling performances of the pouch cells assembled with the
1 M LiPF6 EMC/EC electrolyte and the 1 M LiPF6 MTFP/EMC/FEC
electrolyte at room temperature at the rate of 0.2 C.
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that the introduction of MTFP into the electrolyte had excellent

high voltage cycling stabilities. Even charged to 4.8 V, the

NCM811 cells with 1 M LiPF6 MTFP/EMC/FEC still showed

excellent performance. After 100 cycles, the discharge capacity

still reached to 183.9 mAh g−1, that is, 93.4% capacity retention of

its second capacity. We infer that the interfacial stability has a

major impact on the enhancing cycling stability of the cells.
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