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Abstract

Serious safety issues are impeding the widespread adoption of high-energy

lithium-ion batteries for the transportation electrification and large-scale grid storage.

Herein, we report a triple-salt ethylene carbonate (EC)-free electrolyte for high-safety

and high-energy pouch-type LiNi0.8Mn0.1Co0.1O2|graphite (NMC811|Gr) cells. This

EC-free electrolyte can effectively stabilize NMC811 surface under high potential (up

to 4.5 V), as well as generate stable interphase to achieve a superior compatibility

with the Gr anode. The electrolyte strategy enables significantly enhanced intrinsic

safety (trigger temperature of thermal runaway increased by 67.0 oC), excellent
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electrochemical properties (4.2V, ~100 % after 200 cycles), and superior high voltage

stability (4.5 V, 82.1 % after 200 cycles). The work opens up a new avenue for

developing novel electrolyte systems to build safer high-energy batteries for practical

applications.

Introduction

With the ambitious target of being carbon neutral, high-performance energy

storage devices for transportation electrification and large-scale grid storage are

highly desirable.1,2 Among the various energy storage devices, lithium ion batteries

(LIBs) have been world-widely adopted owing to relative high specific energy/power

and long cycle life.3 To further increase the specific energy, researchers are pushing

the chemical limits of LIBs,4-9 which leads to more serious battery safety issues

hindering the further commercialization of large-scale applications.10,11

The severe safety concern, generally presented as thermal runaway (TR), is

triggered by the poor thermal tolerance of aggressive Ni-rich cathodes at charged state,

especially when it encounters highly reductive ethylene carbonate (EC).12,13

Tremendous efforts are made to address safety concerns, including optimization of

separator14,15, cathode8,16, current collector17, and the use of non-flammable

electrolyte18-21. Although such efforts can somewhat reduce the risk of TR, more

efforts are urgently required to obtain intrinsically safe LIBs for practical applications.

The traditional LiPF6/EC-based electrolytes have dominated the electrolyte market for

more than 25 years,22 but they are hard to cope with new battery chemistry,23,24 and

strongly questioned for their high flammability. In this regard, the design of ‘safe’

electrolytes with simple, effective, and low-cost features is important for the

next-generation batteries.

As EC solvent contributes greatly to both surface parasitic reactions causing

performance fading and initial self-heating before TR, as well as exothermic reactions

triggering battery TR, building “EC-free” electrolytes is the most convenient and

efficient strategy to improve the intrinsic safety. Moreover, the low cost, low viscosity,

and environmentally friendly EC-free electrolytes have recently been demonstrated to



operate well in LIBs.25-28 Unfortunately, the research stops short of safety

performance of cells with EC-free electrolyte. Moreover, the electrochemical

performance of EC-free electrolyte in practical Ah-level full cells needs to be

investigated urgently.

Meanwhile, the construction of robust electrode-electrolyte interface (EEI) has

been regarded as a fascinating strategy to relieve these above-mentioned safety

concerns and enhance the electrochemical properties.29-36 The robust EEI can

significantly mitigate the release of oxygen, and suppress the interfacial side reactions.

Moreover, the formation approach is perfectly compatible with the current battery

technology for industrial manufacture. Inspired by these prominent advantages, the

combination of EC-free electrolyte and robust EEI skin is extremely attractive.

In this work, we report high-safety of 10 Ah pouch-type

LiNi0.8Mn0.1Co0.1O2|graphite (NMC811|Gr) batteries with EC-free electrolyte based

on the exclusively aprotic acyclic carbonate solvents. By adopting triple-salt, the

EC-free electrolyte (0.8 M LiFSI-0.1 M LiTFSI-0.6 M LiPF6/ EMC) can effectively

stabilize NMC811 surface under high working potential, as well as generate stable

interface to achieve a good compatibility with the Gr anode. The combined strategy

resulted in excellent electrochemical properties (~100 % capacity retention after 200

cycles), significantly enhanced intrinsic thermal characteristics (TR trigger

temperature increased by 67.0 oC), and extended cell-to-cell TR propagation time

within module (average TR propagation time is doubled). Even under the harsh

conditions of high working potential of 4.5 V, the practical NMC811|Gr pouch cells

can still retain 82.1 % of their original capacity after 200 cycles, which is 8 times

higher than the retention of conventional EC-based electrolyte. The work opens up a

whole new direction for both tailoring the electrode materials and developing

practical technologies for safe LIBs.

Results and discussion

Electrochemical performance of practical pouch-type NMC811|Gr full cells

The ionic conductivity of varied electrolytes with different lithium salt



concentration are summarized in Table S1, Supporting Information. The

electrochemical performance of ~200 mAh NMC811|Gr batteries with varied

electrolytes at 1 C rate is presented in Figure S1, Supporting Information. When only

the EC is removed without changing the salt species and concentration (1.0 M LiPF6/

EMC), the pouch cell exhibits the worst ionic conductivity (4.38 mS cm-1) and

cycling performance (~4.0 % after 100 cycles). By simply changing the species of

single LiPF6 salt to triple salts (LiFSI/LiTFSI/LiPF6), conductivity (4.75 mS cm-1) and

cycling performance can be improved slightly. Based on the above-mentioned results,

when increasing LiFSI salt content to further improve conductivity (6.44 mS cm-1),

the pouch cell with EC-free electrolyte exhibits optimal cycle performances (~89 %

after 100 cycles) and average coulombic efficiency (~100.0%), which are far superior

to those of conventional EC-based electrolyte (capacity retention: ~75% after 100

cycles; coulombic efficiency: 99.3%) and triple-salt EC-based electrolyte at same salt

concentration (capacity retention: ~77% after 100 cycles; coulombic efficiency:

99.6%). In addition, the rate performance of EC-free electrolyte is not inferior to that

of conventional EC-based electrolyte (Figure S2, Supporting Information).

The cycling stability and high-voltage stability of NMC811|Gr batteries were

presented in Figure 1. The excellent cyclability of batteries with EC-free electrolyte is

confirmed by the overlapped charge/discharge curves (Figure 1a) and ~ 100%

capacity retention after 200 cycles (Figure 1b). Under the harsh high voltage

condition, the electrochemical performances were further evaluated. Through

improving the working potential from 4.2 V to 4.5 V, the capacity can be increased

from 959.8 mAh to 1155.4 mAh (Figure 1a-d).

As shown in Figure 1e, the capacity of NMC811/Gr full cell in EC-based

electrolyte drops quickly over 140 cycles. Meanwhile, the obvious fluctuation of CE

over 140 cycles is observed, implying the severely interfacial side reactions in the

EC-based electrolyte. However, the opposite phenomenon is observed for the EC-free

electrolyte. The superior high-voltage stability (4.5 V, 82.1 % after 200 cycles) and

high CE (>99.9%) for the full cell with EC-free electrolyte verify the formation of

robust EEI on NMC811 cathode and Gr anode, which prevents the electrolyte



consumption during charging and discharging cycling.

Figure 1. Electrochemical Behavior of NMC811|Gr batteries. (a) Charge-discharge curves of

NMC811|Gr using EC-free electrolyte cycled at 4.2 V. (b) Cycling stability of NMC811|Gr using

EC-free electrolyte when cycled at 1/3 C. (c,d) Charge-discharge curves of NMC811|Gr using

EC-based and EC-free electrolyte cycled at 4.5 V, respectively. (e) Cycling stability of

NMC811|Gr using EC-based and EC-free electrolyte cycled at 4.5 V.

Safety performance of practical pouch-type NMC811|Gr full cells

The accelerating rate calorimetry (ARC) was adopted to investigate the safety

features of 10 Ah NMC811|Gr practical batteries with EC-based and EC-free



electrolytes.37-39 For the battery with EC-based electrolyte (Figure 2a,b), T2 is only

located at 193.1 oC, resulted from the severe side reactions between the reactive

NMC811 and the conventional EC-based electrolyte. Surprisingly, T2 of the battery

with EC-free electrolyte reaches 260.1 oC and simultaneously with OCV falling

(Figure 2c,d), which is 67.0 oC higher than that of the above-mentioned battery. To the

best of our knowledge, the TR trigger temperature T2 (260.1 oC) is the highest value

obtained that have been reported for the high-energy NMC811-based cells via all

kinds of safety improvements, including advanced fire-extinguishing concentrated

electrolyte (195.2 oC).13,40,41 Moreover, the intrinsic safety performance of

NMC811-based cell with EC-free electrolyte can even far exceed the level of

improved NMC523-based cell with ceramic polyethylene terephthalate non-woven

separator (231 oC).12

Nail penetration and overcharge test were conducted to further judge the

practical safety of the pouch cell. During the nail penetration process (Figure S3,

Supporting Information), the highest temperature of 1 Ah battery with EC-free

electrolyte is only 520.0 oC, which is much lower than that of battery with EC-based

electrolyte (637.0 oC). It is worth noting that, when the nail is inserted, the EC-based

electrolyte cell immediately catches fire and quickly reaches the highest temperature.

However, the temperature of EC-free electrolyte cell rises slowly, and the time to

reach the highest temperature can be effectively delayed by 250s. Neither of the two

electrolyte pouch cells caught fire or exploded during the overcharge test. After

overcharge test, the temperature of the cell with EC-based electrolyte higher than that

of the EC-free electrolyte cell (Figure S4, Supporting Information). These results

demonstrate that the EC-free electrolyte could improve the intrinsic safety of cells,

which is attributed mainly to the removal of the trigger reactions between EC and

NMC811.



Figure 2. Safety features of 10 Ah NMC811|Gr batteries. (a,b) Batteries with the EC-based

electrolyte. (c,d) Batteries with the novel EC-free electrolyte.

Figure 3 shows the temperature profiles and three-dimensional distributions of

the 9-cell module during TR propagation simulation. The TR propagation time of

EC-based electrolyte with T2 = 193.1 oC yields 5.25 s from cell x to x+1, and the

9-cell TR within 189 s (Figure 3a). However, the EC-free electrolyte with high T2

value (260.1 oC) can significantly extend the average TR propagation time to cell

i/i+1 =9.88 s, and the 9-cell TR at 278 s (Figure 3b). As shown in Figure 3c, the TR

propagation time sequence map of the modeling analysis clearly present that the TR

in cell1 with EC-base electrolyte is triggered at 145 s. Surprisingly, while all 9 cells

with EC-based electrolyte are triggered into TR, the first cell1 with EC-free

electrolyte has not yet been triggered. Effective suppression of cell-to-cell TR

propagation within module, resulted from the enhanced intrinsic safety of the single



cell by removing EC solvent.

Figure 3. Thermal runaway propagation simulation of the 9-cell module in Comsol

Multiphysics®. (a,b) The temperature profile of cells calculated in the thermal runaway

propagation model for different electrolytes, respectively. (c) The thermal runaway propagation

time sequence map of the modeling analysis.

Thermal stability of different electrolytes with charged NMC811

The thermal runaway of pouch-type NMC811|Gr batteries is closely related to

the thermal stability of charged cathode with the presence of electrolyte.42 In this

regard, operando synchrotron high-energy X-ray diffraction (HEXRD) was conducted

to study the thermal stability.12 Figure 4a-c show the curves of charged cathodes with



different electrolytes from 50 oC to 350  oC. The (003) peaks of NMC811 cathodes

weakening start at 203 and 236 oC for the EC-based and EC-free electrolytes (Figure

4a,b), respectively. The slower phase transformation (improved by 33 oC) clearly

demonstrates that the removal of EC solvent greatly benefits the structural stability of

the charged NMC811, attributed to the effective blocking of exothermic reactions

oxygen and EC solvent. Moreover, the spinel (220) peak42,43 emerges at 169 °C for

charged NMC811 with EC-based electrolyte compared with 308 °C for charged

NMC811 with EC-free electrolyte, demonstrating a significantly delayed phase

transition process (increased by 139 °C) for the cathode with the EC-free electrolyte.

DSC test was used to further characterize the heat flow of the different

electrolytes mixed with charged NMC811. As shown in Figure 4d, the extremely

strong exothermic peak emerges at 201.4 °C for the charged NMC811 with EC-based

electrolyte. In sharp contrast, the intensity and rate of heat flow of EC-free electrolyte

can be significantly inhibited. Moreover, the heat flows of the graphite anode with the

different electrolyte are summarized in Figure S5, Supporting Information. Compared

with the slow heat flow (from 50 oC to 125 oC) of graphite with EC-free electrolyte,

the conventional electrolyte presents more intense heat flow at ~100 oC. These results

demonstrate that TR reactions at the material level can be effectively suppressed in

the EC-free system, which is consistent with the excellent safety performance of

NMC811|Gr batteries (Figure 2 and Figure 3).



Figure 4. Thermal stability of charged NMC811 with the different electrolytes. (a,b) The contour

plots and the corresponding (003) peak fading during heating of charged NMC811 with different

electrolytes. (c) The contour of the (220) peak emerging during heating of charged NMC811 with

different electrolytes. (d) DSC curves of the delithiated NMC811 with the presence of different

electrolytes.

Characterization of the EEI on cycled electrode

In LIBs, the EEI is a significantly critical factor for the safety and

electrochemical performance.29 To confirm the generation of stable

cathode-electrolyte interphase (CEI), the chemical compositions and the depth

distribution of elements of the cycled cathodes were detected using XPS and

FIB-SEM-ToF-SIMS combined system (Figure 5), respectively. As shown in the C 1s



spectra of XPS (Figure 5a, e), the CEI of cathodes cycled in the EC-based electrolyte

contains more organic species because of the solvent decomposition, which is

supported by the higher contents of C-O and C=O. In contrast, the unique feature of

the CEI generated in the EC-free is more inorganic, resulted from significantly strong

LiF signal (685 eV, F 1s, Figure 5b, f). In addition, the N (NOx, 398.4 eV, N 1s, Figure

5c, g) and S (SO42-, 169.8 eV, S 2p, Figure 5d, h) signals are only found in CEI for the

EC-free electrolyte, which is derived mainly from salt anions.44 The surface

morphology and depth distribution of elements of NMC811 are presented in Figure

5i-o. Compared with the NMC811 from EC-based electrolyte, particularly high F

contents are observed in the NMC811 from EC-free electrolyte (Figure 5k, n, and o).

The inorganic F-rich CEI is beneficial to suppress cathode phase transformation,

electrolyte decomposition, and correspondingly cathode/electrolyte parasitic

reactions.



Figure 5. The CEI chemical compositions and depth distribution of the cycled NMC811. (a-h)

XPS characterization of the CEI formed on NMC811 cycled using EC-free electrolytes (a-d) and

EC-based electrolytes (e-h). The C 1s, F 1s, N 1s and S 2p spectra. (i-o) FIB-SEM-ToF-SIMS

characterization of the NMC811 cycled using EC-free electrolytes (i-k) and EC-based electrolytes

(l-n).

In order to further analyze the the CEI generated in these electrolytes,

secondary-ion fragments (e.g., CH3O-, LiF2-, and PO2-) were detected.45 Organic

species containing CH3O- fragments are dwindled on the surface of cathode cycled in

EC-free electrolyte (Figure 6a,b). Moreover, the high contents of LiF2- are achieved



(Figure 6c,d), indicating the interface of cathodes cycled in EC-free electrolyte

contains more robust inorganic species. Different from EC-based electrolyte, the CEI

of NMC811 in EC-free electrolyte shows weaker PO2- fragments signals (Figure 6e,f),

attributed to the reduced content of LiPF6 salt. These above-mentioned results further

demonstrate that more stable inorganic compositions are formed in the surface of

cathodes cycled in EC-free electrolyte.

Figure 6. ToF-SIMS spectra of interfaces on the NMC811 cathodes. (a,b) Depth profiling and

chemical maps of CH3O- on the NMC811 cathodes. (c,d) Depth profiling and chemical maps of

LiF2- on the cycled NMC811 cathodes. (e,f) Depth profiling and chemical maps of PO2- on the

cycled NMC811 cathodes.

Deeper insight into the NMC811 cycled in EC-free electrolyte was achieved

from STEM characterization. As shown in Figure 7a-h, the mapping suggests uniform

distribution of F, N, and S elements at the surface of NMC811 cycled in the EC-free



electrolytes, which are derived mainly from the salt anions FSI-. Disordered rock-salt

phase (~7.2 nm) with the thick and uneven amorphous CEI layer (~2.5 nm) are found

on the NMC811 cycled in EC-based electrolyte (Figure 7i,j), suggesting the weak

surface stability. In sharp contrast, significantly improved structural integrity is found

in the pouch-type NMC811|Gr full cells with EC-free electrolyte. As illustrated in

Figure 7k, the cycled NMC811 cathodes present a very thin cation mixing layer (~1.3

nm). Combining the performance in cycling and high-voltage, the stable inorganic

CEI generated on cathodes can inhibit the interfacial side reactions (Figure 7l). These

results confirm the significance of the robust and stable CEI on efficient protection of

NMC811.

Figure 7. Structural characterization of the cycled NMC811 cathodes. (a-h) Elemental distribution

in NMC811 cycled using EC-free electrolytes obtained from STEM-EDX. (i-l) STEM-HAADF

and STEM-ABF images of cathodes cycled using EC-based electrolytes (i,j) and EC-free

electrolytes (k,l).



In addition to the F-, N-, and S-rich CEI skin generated on the NMC811 cathodes,

the solid electrolyte interphase (SEI) on the Gr anode is also a key factor. The

FIB-SEM-ToF-SIMS combined system was firstly used to characterize the

morphology and element depth distribution of the surface of the cycled Gr anode

(Figure 8a–e). Figure 8a,b show the surface features of Gr anode before and after Xe+

ions sputtering. After 100 cycles in EC-free electrolyte, the Gr anode maintains a

clean and smooth surface (Figure 8a). When the electrolyte is changed to EC-based, a

non-uniform and rough surface layer is observed (Figure 8b). Furthermore, as

confirmed by the FIB-ToF-SIMS characterization of the anode shown in Figure 8c,

significantly high N and S components are observed in the EC-free electrolyte. With

the adoption of triple-salt (LiPF6+LiFSI+LiTFSI) and the removal of EC solvent,

homogeneous SEI layer is generated on the anode, containing F, N, and S species

(Figure 8d,e).

XPS was employed to further analyze the chemical compositions of the SEI

formed on the Gr anodes. Similar to the characterization results of CEI formed on the

NMC811 cathodes, N (NOx, 398.4 eV, N 1s, Figure 8f, h) and S (SO42-, 169.8 eV, S 2p,

Figure 8g, i) are only found in SEI for the EC-free electrolyte. These XPS analysis

data of SEI layer coincide well with the above-mentioned FIB-SEM-ToF-SIMS

results. Considering the superior cyclability of practical batteries in EC-free

electrolyte (Figure 1), we can conclude that the F-, N, and S-rich SEI has the similar

or even better effect than the SEI derived from traditional electrolyte.



Figure 8. The SEI chemical compositions and depth distribution of the cycled graphite anodes.

(a-e) FIB-SEM-ToF-SIMS characterization of the graphite cycled using EC-free electrolytes (a,d)

and EC-based electrolytes (b,e). (f-i) XPS characterization of the SEI generated on graphite cycled

using EC-free electrolytes (f,g) and EC-based electrolytes (h,i). The N 1s and S 2p spectra.

Conclusions

We have developed an EC-free electrolyte that enables high-safety (TR trigger

temperature up to 260.1 oC), long-cycling (~100% capacity retention after 200 cycles),

and high-voltage (4.5 V, 82.1 % after 200 cycles) practical Ah-level NMC811|Gr



batteries. Note that the removal of EC solvent greatly benefits the stability of the

charged NMC811 with electrolyte. Owing to the synergistic effect of triple-salt, the

EC-free electrolyte can form effective CEI to stabilize NMC811 surface under high

potential (up to 4.5 V), as well as generate stable interphase to ensure good cycle

ability of Gr anode. All these fundamental findings break the traditional electrolyte

design framework for Gr-based LIBs, shift the dependence interface layer formation

to lithium salt rather than solvent, and extend the conventional knowledge on EC-free

electrolyte systems. The work opens up a new direction for both tailoring the

electrode materials and developing practical technologies for safe batteries.

Experimental Section

Materials. NMC811|Gr batteries were purchased from LiFun Technology. The mass

loading for NMC811 cathodes and graphite anodes were 13.5 and 9.5 mg cm-2,

respectively, and 2.4 mL electrolyte was injected into the 1 Ah pouch-type cells. The

experimental procedures for the injection, formation, disassembly, and measurements

of batteries were similar to that previously reported.12

Safety tests. Two cells were connected in parallel and tested for EV-ARC. A K type

thermocouple was inserted between the two cells to obtain the internal signals. The

experimental procedures for the operando HEXRD was similar to that previously

reported.42 NETZSCH DSC 214 Polyma was employed to study the heat flow of

charged electrode powders with electrolyte. The sample preparation and testing

procedures were consistent with those previously reported.12

Characterizations. FIB-SEM-ToF-SIMS combined system was carried out to detect

the depth distribution of the cycled electrodes. The Double Cs-Corrected STEM

(JEM-ARM300F, Japan) was employed to characterize structural. The surface

chemical compositions of the cycled electrodes was analyzed by using XPS and

ToF-SIMS 5-100 (ION-TOF GmbH, Germany).
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