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Abstract 

It has been well established recently that fluorinated electrolyte additives such as 

Fluoroethylene carbonate (FEC) could promote the formation of LiF-based solid 

electrolyte interphase that can stabilize lithium metal anode. Meanwhile, the impact of 

FEC additive on the cathode side, particularly for the high energy density nickel-rich 

LiNi1-x-yCoxMnyO2 (NCM) ternary cathodes, remains unclear. In this study, we 

investigated the structural and chemical composition of cathode electrolyte interphase 



(CEI) and its electrochemical performance to elucidate the effect of FEC additive on 

the LiNi0.9Co0.05Mn0.05O2 (NCM90) cathode for high energy lithium-ion batteries. It is 

discovered that the FEC additive in carbonate electrolyte (BE-FEC) can produce LiF-

based CEI, which could stabilize the NCM90 surface and improve the cycle 

performance at low cut-off voltage. While the formation of a thick LiF layer under high 

cut-off voltage and high rate leads to a higher polarization and slower Li+ transport 

kinetics, which in turn deteriorates the battery performance. Whereas in carbonate 

electrolyte (BE), under low voltage, the unstable Li2CO3-based amorphous CEI 

components form on the NCM90 surface while an intermediate rock salt structure can 

also be identified, leading to poor cycle life. While under high voltage, the BE sample 

shows superior electrochemical performance due to the formation of a thin LiF layer 

from the decomposition of the LiPF6. Our work provides a comprehensive 

understanding of the role of FEC in the CEI of nickel-rich cathodes, offering practical 

guidance for the design of electrolytes for high-energy nickel-rich cathodes. 
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Introduction 

The Lithium-ion battery is one of the most successful energy storage systems for 

the past three decades, which has emerged as a cornerstone for our modern civilization1-

3. The electrolyte between a cathode and an anode is an indispensable component in a 

lithium-ion battery.4-8 It not only transports Li-ions in the cell during the 

charge/discharge process, but also leads to the formation of complex interfaces on the 

electrodes (i.e., solid electrolyte interface, SEI, or cathode electrolyte interface, CEI) 

that could play an essential role in determining battery performances. Carbonate-based 

(e.g., ethylene carbonate/ dimethyl carbonate, EC/DMC) electrolytes have achieved 

great success due to their excellent Li+ transport property and good stability, which have 

become the mainstream commercial electrolytes.7-9 However, the SEI formed with 

carbonate-based electrolytes is mainly composed of carbonate ionic phase (e.g., lithium 

carbonate, Li2CO3), organic lithium compounds (e.g., lithium ethylene decarbonate), 

and other organic species, which usually has poor stability.10-12  

To improve the properties of the electrode-electrolyte interphases, in particular, 

the anode surface, a widely used strategy is to add one or multiple electrolyte additives 

to form stable artificial SEI compositions that could suppress further side reactions 

between the electrolyte and anode as well as the growth of the notorious lithium 

dendrites.13, 14 For instance, fluorinated carbonates (e.g., fluoroethylene carbonate, FEC) 

are widely used as electrolyte additives, which could produce LiF (an SEI component 

with high mechanical strength and good ion transport properties) on the lithium metal 

anode surface.15-17 While tremendous previous reports have demonstrated that addition 



of the fluorinated carbonates could improve the electrochemical performance of lithium 

metal batteries, the effect of fluorinated additives on the cathode, has not been fully 

understood.  

Nickel-rich ternary cathodes LiNixCoyMn1-y-xO2 (NCM, x≥0.8) with a high 

specific capacity, high operation voltage, and high specific energy density have been 

envisioned as promising cathode materials for the next generation power systems, e.g., 

in electric vehicles.18-20 However, the poor cycle stability at high voltage has been a key 

obstacle to the full commercialization of the nickel-rich ternary cathodes. Two 

intriguing questions to ask: What are the main CEI components for nickel-rich ternary 

cathodes with fluorinated electrolyte additives? Can fluorinated electrolyte additives 

such as fluorinated carbonates help stabilize the nickel-rich ternary cathodes?  

Herein, we employ the FEC electrolyte additive with commercially available 

EC/DMC electrolyte and LiNi0.9Co0.05Mn0.05O2 (NCM90) cathode as an example to 

investigate the effect of fluorinated electrolyte additives on nickel-rich NCM ternary 

cathode. The phase transitions, interface compositions and structures, electrochemistry, 

and cycle performances are studied with two types of electrolytes, baseline electrolyte 

(abbreviated as BE, EC/DMC 1:1 in volume ratio) and that with FEC additive 

(abbreviated as BE-FEC). Ex-situ X-ray diffraction (ex-situ XRD) and high-resolution 

transmission microscopy (HRTEM) indicate that NCM90 in BE undergoes phase 

transition with a larger volume change, leading to the formation of an intermediate rock-

salt phase between the surface and bulk. X-ray photoelectron spectroscopy (XPS) 

shows that more LiF is generated in BE-FEC as expected due to the reaction of FEC 



additive with NCM cathodes. Electrochemical impedance spectroscopy (EIS), 

galvanostatic intermittent titration technique (GITT), and cyclic test further showed the 

addition of FEC hinders the diffusion kinetics of Li+ at the interface. Based on this work, 

we found that the extra LiF produced by FEC decomposition could inhibit the 

irreversible phase transition of NCM90 at the high de-lithiation state, thus suppressing 

the degradation of NCM90 during cycling. However, the inclusion of LiF in CEI can 

potentially obstruct the movement of Li+ and augment the polarization at the interface, 

thereby constraining the discharge capacity of the cathode material with high 

charge/discharge voltage. We hope this study to spur further interest in the 

understanding of complex surface reactions between electrolyte additives and cathode 

materials, as well as the design of better battery systems with an in-depth understanding 

of the CEI compositions and their failure mechanisms.   

Results 

Detailed experimental procedures can be found in the Experimental section. Fig. 

1 shows the structural characterizations of the NCM90 cathodes at different de-

lithiation stages after cycling twice. Ex-situ XRD patterns for charged and discharged 

NCM90 cathodes in BE are shown in Fig. 1(a), the diffraction pattern of the current 

collector, Al@C foil, is marked as the baseline. The main diffraction peaks of the NCM 

ternary cathode are observed during cycling, whereas a shift of the diffraction peak near 

20
 can be discovered. The diffraction peak near 20 corresponds to the (003) crystal 

plane, which is further highlighted in Fig. 1(b). During the charging process, a left shift 

of the peak can be found with the increasing of the cell voltage, indicating the expansion 



of the lattice constant c during deintercalation. When the voltage increases above 4.25 

V, the (003) diffraction peak shifts towards a higher degree dramatically, which can be 

attributed to the structural reconstruction at high voltage after higher degrees of de-

lithiation.21-23 This process is reversible, where the crystal structure can be restored after 

discharging to below 4.25 V. Further decreasing of the voltage during discharging leads 

to the decreasing of the lattice constant c. Meanwhile, a shift of the diffraction peaks is 

subtle for the BE-FEC as compared to BE, as depicted in Fig. 1(c). Zoom-in of the (003) 

diffraction peak (Fig. 1d) shows a similar trend with the BE electrolyte, however, the 

sudden decrease of the lattice constant c at higher voltages is absent for BE-FEC. This 

suggests that the addition of FEC can stabilize the NCM90 particles at high voltage. To 

get a direct comparison, both in-plane (a) and out-of-plane (c) lattice constants are 

plotted as a function of the voltage (Fig. 1e-1f). It is clearly shown that the lattice 

constant a decreases at high voltage (with less lithium below 4.25 V) for both 

electrolytes. Notably, for BE-FEC, a slight increase in the lattice constant a can be 

observed above 4.25 V. A maximum lattice shrinkage of ~2.3% can be found with the 

BE electrolyte. The lattice constant c increases slightly with increasing voltage below 

4.25 V for both cases, while a sudden decrease by ~7 % can be seen when charging to 

4.6 V with BE electrolyte, as has been discussed before. It can be concluded that with 

the FEC additive, the NCM90 is relatively stable during cycling with a lattice change 

of ~2 % while a large structural reconstruction at high voltage can be seen with the 

conventional commercialized carbonate electrolyte. Interestingly, this structural 

reconstruction is fully reversible where the structure can be fully restored for the 



consequent cycles. 

 

Fig. 1. XRD patterns for NCM90 holding at different charging/discharging voltage in 

(a)BE and (c)BE-FEC at the third cycle. The diffraction peak of (003) plane is shown 

in (b) and (d), respectively. The lattice parameter of (e) a and (f) c is derived from XRD 

patterns. 

HRTEM characterizations were performed to investigate the surface structure of 

the NCM90 cathode materials cycled in BE and BE-FEC after 150 cycles with a cut-

off voltage of 4.25 V, as shown in Fig. 2. An ordered lattice fringe structure can be seen 

in the bulk crystal for both samples (region I), with a lattice plane distance of ~4.97 Å. 

Selected fast Fourier transform (FFT) patterns of the region I confirm the formation of 

a typical layered structure, consistent with previous reports.24, 25 For NCM90 cycled in 

BE, two more phases can be identified from Fig. 2(a), an amorphous phase layer with 



a width of ~3.2 nm forms near the interface, (from the blue dotted line to the surface), 

followed by a double-layer structure of rock salt phase (~8.1 nm, between red and blue 

dotted line) between the amorphous layer and the bulk region. The formation of an 

intermediate rock salt phase has also been reported in previous literature.26, 27 

Meanwhile, when cycled in BE-FEC, a mix of the amorphous components and residual 

layered phase with a width of ~10 nm (from the blue dotted line to the surface) can be 

discovered at the interface. The formation of the interfacial rock-salt layer in BE is 

mainly due to the high voltage charge/discharge process, where the large structural 

reconstruction is not fully reversible after 150 cycles, while the lower oxidation 

potential of fluorinated additive FEC is responsible for the formation of thicker 

amorphous CEI layer, which also helps to stabilize the layered structure.  

 



Fig. 2. HRTEM images and FFT patterns for bulk and surface section of NCM90 cycled 

in (a)BE and (b)BE-FEC for 150 cycles. 

To determine the chemical components of surface CEI formed in both electrolytes, 

XPS measurements were performed (Fig. 3). The C 1s and F 1s XPS spectra of NCM90 

cathode cycled in BE and BE-FEC for 1 cycle and 100 cycles within 2.5-4.25 V and 

2.5-4.6 V are plotted. With a cut-off voltage of 4.25 V (Fig. 3a), the XPS peak of Li2CO3 

is more significant for the BE sample as compared to BE-FEC. Li2CO3 is a typical CEI 

component, which exists on the NCM cathode surface due to the reaction with CO2 in 

the air during production and storage. While the extra Li2CO3 signal in BE sample can 

be attributed to the decomposition of carbonate electrolyte during cycling. A slight 

decrease in the Li2CO3 signal can be found after 100 cycles for both samples, which 

indicates that the Li2CO3-based CEI is relatively unstable during cycling. For the F 1s 

spectra, the signal of PVDF/LixPOyFz dominates for the BE sample, while a relatively 

smaller LiF peak at 686 eV can also be discovered. Whereas for the BE-FEC sample, 

the signal of LiF is more significant after even 1 charge/discharge cycle. This indicates 

that under a relatively low charge potential, with very little LiPF6 decomposition, LiF 

in CEI is mainly generated from the decomposition of fluorinated additive FEC for the 

BE-FEC sample. No large changes in intensity can be observed for the LiF peaks after 

100 cycles for both samples. This implies that the surface LiF is relatively stable as 

compared to the other CEI components such as Li2CO3 at a relatively lower voltage 

below 4.25 V. 

As the cut-off potential increases to 4.6 V, the Li2CO3 peak area of the BE sample 



is relatively larger than that of the BE-FEC sample (Fig. 3b). Meanwhile, a slight 

increase in the Li2CO3 peak area can be seen after 100 cycles for both BE and BE-FEC 

samples, suggesting that the continuous decomposition of the electrolytes and reactions 

with the NCM90 surface at higher voltages. The F 1s spectra of the BE sample after 1 

cycle are quite similar to the case with the lower voltage of 4.25 V. However, a dramatic 

increase in the LiF signal after 100 cycles is clearly shown with BE. This can be 

attributed to the decomposition of the LiPF6 salt and conversion of the PVDF/LixPOyFz 

CEI components to LiF at a higher charging potential. Increasing the charge potential 

also affects the F 1s spectra of the BE-FEC sample, as shown in Fig. 3(b). The relative 

magnitude of the LiF peak is similar to the PVDF/LixPOyFz peak, which means the 

LiPF6 decomposition also changes the distribution of F species on the NCM90/BE-FEC 

interface. While after 100 cycles, the LiF peak is more significant, indicating that the 

further decomposition of the BE-FEC electrolyte leads to the formation of LiF-based 

CEI. Interestingly, overall, the existence of FEC can inhibit Li2CO3 generation, under 

both high and low voltage.  

In a short discussion, it can be found that at low potential with commercialized 

electrolyte, Li2CO3-based CEI components are formed, which are unstable during 

cycling. At high potential, the decomposition of LiPF6-based salt could lead to the 

formation of LiF-based stable CEI components for BE. Meanwhile, the addition of FEC 

facilitates the formation of LiF-based CEI components while suppressing the formation 

of Li2CO3, even at low potential. 



 

Fig. 3. C 1s and F 1s XPS spectra of NCM90 cathode cycled in BE and BE-FEC 

charging/discharging for 1 cycle and 100 cycles within (a) 2.5-4.25 V and (b) 2.5-4.6 

V. From top to bottom, 1 cycle in BE; 1 cycle in BE-FEC; 100 cycles in BE; 100 cycles 

in BE-FEC. 

The charge/discharge voltage profiles of the NCM90 cell during cycling between 

2.5 V to 4.6 V are depicted in Fig. 4 and Fig. S1. Fig. 4(a) and 4(b) show voltage profiles 

at a low rate (0.1 C) interspersed between ordinary 1 C cycles with BE and BE-FEC, 

respectively. The charge plateau between 3.6 V to 4.25 V can be observed for both 

samples, consistent with literature reports.28, 29 The coulombic efficiency of the first 

cycle is very similar for both BE and BE-FEC cells, while the discharge capacity of the 

BE-FEC cell (~245 mAh/g) is much higher than that of BE cell (~225 mAh/g) for the 

first cycle. This indicates that the stable LiF-based CEI can protect the cathode material 



from cracking and prevent Li dissolution. The BE-FEC sample shows a slightly higher 

discharge capacity after 205 cycles (~10% higher in discharge capacity). While for the 

batteries cycled at a1 C rate, the voltage profiles for the 10th, 50th, 100th, 150th, and 200th 

cycles are shown in Fig. 4(c) and 4(d) for the two samples. It can be found that the 

charge voltage plateau increases to 3.75 V~4.25 V, due to the increasing polarization at 

a higher C-rate. The starting voltage of discharging platform is substantially lower for 

BE-FEC at 1 C rate (~0.15 V at 200th cycle), which can be attributed to the formation 

of thicker insulating LiF. The charge/discharge capacity decreases for both samples at 

1 C during cycling, while as compared to BE, the discharge capacity of NCM90 drops 

faster in BE-FEC. After 200 cycles, the discharge capacity for the BE sample is 26% 

higher than BE-FEC (~120 mAh/g for BE sample vs. ~95 mAh/g for BE-FEC). Fig. S2 

further shows the differential capacity curves of NCM90 cells with BE and BE-FEC at 

both 0.1 C and 1 C rates. Three obvious peaks can be observed from primary charging 

curves at 0.1 C (especially from 3rd cycle). The peak positions are almost identical for 

the BE and BE-FEC samples. After 10 cycles, a slight shift towards lower voltage of 

discharge peaks can already be observed from BE-FEC cells compared to BE cells. 

While at 1 C rate, the shift towards the higher voltage of charging peaks and lower 

voltage of discharging peak is more obvious in BE-FEC cells. Meanwhile, to rule out 

the influence of the polarization in Li metal foil, symmetrical batteries consisting of 

two identical Li foils and corresponding electrolytes are assembled and tested. As 

shown in Fig. S3, the difference in overpotential between symmetrical cells with BE 

and BE-FEC is trivial compared to the corresponding NCM90 cells. This indicates the 



formation of CEI for BE-FEC could increase the overall polarization, which could 

cause large capacity loss during cycling, especially at higher rates.   

To further test the effect of the FEC additive on the cycle performance of NCM90, 

a long-term cyclic test was taken within a voltage range of 2.5~4.25 V and 2.5~4.6 V, 

as it was shown in Fig. 4(e). The cells are cycled at 1 C after the first 6 low-rate (0.1 C) 

cycles for stabilization. It can be discovered that the BE cell has the highest primary 

capacity (~205 mAh g-1) within a voltage range of 2.5~4.6 V, while the capacity after 

500 cycles (~115 mAh g-1) is the best among all the cases. While for BE-FEC, the 

specific capacity after 500 cycles with a cut-off voltage of 4.6 V is less than 100 mAh 

g-1. This can be attributed to the continuous formation of thick LiF-based CEI which 

leads to high polarization. Interestingly, a different trend can be observed with a cut-off 

voltage of 4.25 V, where the BE-FEC sample shows higher capacity retention as 

compared to the BE sample. This can be understood since the Li2CO3-based CEI is 

unstable with BE electrolyte, while the formation of thin LiF-based CEI could help to 

prevent the phase transition to the rock salt structure. The zoomed-in figure on the first 

75 cycles indicates that the discharge capacity of NCM90 fades fastest in BE-FEC 

within 2.5~4.6 V during the first 75 cycles, followed by BE-4.6V cell, BE-FEC-4.25V 

cell, and BE-4.25V cell. The capacity fading of early cycles shows a great correlation 

with the formation of LiF, as the high cut-off voltage of 4.6 V promotes the 

decomposition of LiPF6 and the FEC additive, which generates more LiF and consumes 

the Li-ion. For long-term cycles, however, the LiF in CEI tends to retard the capacity 

fading, due to the surface protection with LiF-based CEI.  



Overall, the above study indicates that adding fluorinated components such as FEC 

could promote the formation of LiF-based CEI, which could help to stabilize the 

cathode surface at a low rate and low voltage. Meanwhile, at a high rate and high 

voltage, the decomposition of both LiPF6 and FEC could lead to the formation of thick 

LiF-based CEI that leads to higher polarization and lower capacity retention. Whereas 

the decomposition of LiPF6 which forms thin LiF-based CEI for standard electrolyte 

could also stabilize the cathode surface and leads to higher capacity retention. This 

proves that the excess LiF is detrimental to the overall battery performance. 



 

Fig. 4. Charge-discharge voltage profiles of NCM90 half-cells evolving throughout 

the cyclic test (a) with BE at a rate of 0.1 C, (b) with BE-FEC at 0.1C, (c) with BE at 

1C, and (d) with BE-FEC at 1C. 

To further explore the electrochemical properties of NCM90 cells with BE and 

BE-FEC electrolytes, we performed EIS and GITT measurements, as shown in Fig. 5. 

The cathodes were charged/discharged at 1C for 150 cycles with different electrolytes 

and re-assembled with primary BE and new Li foil anode to eliminate the effect of 



electrolyte and anode. The EIS curves and the equivalent circuit are shown in Fig. 5(a), 

while the fitted series resistance Rs and charge transfer resistance Rct are given in Table 

1. It can be observed that initially, BE has a larger Rs but a much smaller Rct as compared 

to the BE-FEC cells, indicating the interface formed by NCM90 soaking in BE has a 

better charge transfer property whereas the formation of LiF with BE-FEC could largely 

increase the charge transfer barrier. After 150 cycles, the Rct of CEI in BE cell increases 

slightly, which could be attributed to the rock-salt layer and LiF-based CEI formed on 

the interface during charge/discharge, whereas the Rct of CEI in BE-FEC shows a 

significant drop. This is unexpected, indicating that the mixed interface of LiF and 

layered structure formed under high potential in BE-FEC, which is observed from 

HRTEM images, could crack locally under fast charge/discharge, leading to a lower 

charge transfer resistance.  

The voltage drops after stopping charging can intuitively reflect the polarization 

of NCM90 cathodes, especially the part caused by poor mass transfer kinetics. As is 

shown in Fig. 5(b), the instant voltage drops after the removal of the charging current 

are equivalent for BE and BE-FEC throughout the cyclic test (~ 0.15 V at the 150th 

cycle). This sudden voltage drop is due to the linear response of overpotential and 

current for ohmic polarization. Since the Rs of BE and BE-FEC cells are similar in 

magnitude, this similar drop is quite reasonable. However, the voltage after relaxing for 

5 min shows a great difference at the 10th cycle. The voltage fading of the BE-FEC cell 

is about 0.02 V higher than BE cell at the 10th cycle, which increases to about 0.04 V 

after 150 cycles. This indicates a worse Li+ diffusion kinetics in the CEI of NCM90 



with BE-FEC. GITT measurement was taken to further determine diffusion coefficient 

D of Li+ during the charge/discharge process at the interface after 150 cycles, as it is 

shown in Fig. 5(c)-5(d). The log D value of Li+ in BE cell is overall larger than that in 

BE-FEC, which proves that CEI between NCM90 and electrolyte without FEC additive 

has a better mass transfer property. 

 

Fig. 5. (a) The electrochemical impedance spectra (EIS) of NCM90 half-cell with BE 

and BE-FEC before and after the cyclic test. (b) 5 min relaxing voltage-time profile of 

NCM90 half-cell with BE and BE-FEC after charged to 4.6 V at 0.1 C rate. Log D-



potential profile of NCM90 cathode in BE and BE-FEC during (c) charging and 

(d)discharging calculated from GITT measurement. 

 

Table 1. The fitted series resistance Rs and charge transfer resistance Rct 

Cell ID Rs/ohm Rct/ohm 

Initial BE 7.956 137.5 

Initial BE-FEC 4.698 201.5 

BE 150th  3.300 152.6 

BE-FEC 150th  3.908 87.21 

Conclusion 

In this work, we investigate the effect of fluorinated electrolytes such as FEC 

additive on the surface CEI components and electrochemical performances of the 

nickel-rich NCM90 cathodes. The structural transformations and interface 

compositions are investigated by XRD, HRTEM, and XPS. Overall, the FEC additive 

helps generate a CEI with more stable LiF under a relatively low cut-off charging 

potential and low rate, while Li2CO3-based CEI components are formed with standard 

carbonate electrolytes (BE) which is unstable during cycling. Whereas under a high cut-

off potential, LiF-based CEI components are formed even for standard carbonate 

electrolytes, due to the decomposition of LiPF6. HRTEM and ex-situ XRD studies 

reveal that rock salt structure is formed with BE while mixed LiF and layered materials 



are formed with BE-FEC at the cathode surface. The electrochemical testing indicates 

that the LiF-based CEI can suppress the degradation of the NCM90 cathode when 

cycled under low cut-off voltage. However, the abundant LiF generated by both FEC 

and LiPF6 decomposition at high voltage and high rate will hinder the diffusion of Li+, 

thereby increasing the polarization at the interface and hindering the capacity release of 

nickel-rich NCM90 cathodes after long-term cycling. Meanwhile, LiPF6 

decomposition at high voltage could form a thinner LiF layer for BE, which also help 

to stabilize the cathode surface. This indicates that the role of LiF-based CEI for nickel-

rich NCM cathode is complex, and is dependent on the thickness of the CEI. While 

notably, the fluorinated additives may be detrimental for NCM90 cathodes at high 

voltage and high rate, due to the formation of excess LiF on the cathode surfaces. We 

hope this study to spur further interest in the fundamental understanding of CEI 

formation for high nickel cathodes and electrolyte engineering toward better lithium-

ion batteries. 

Experimental section 

Battery assembly. The cathode was obtained with 80 wt% of NCM90 materials 

(Lingbo Ronbay New Energy Technology Co., Ltd., China), 10 wt% Ketjen Black 

(Lion Co., Japan), and 10 wt% polyvinylidene fluoride (PVDF, Arkema, France). All 

the ingredients were dried in a vacuum at 80 ℃ for 12 h for further battery assembly. 

They were grounded for 10 min in an agate mortar to ensure full mixing before 

dissolving in NMP (99.5%, Rhawn, China) solvent, and consequently stirred using a 

magnetic stir bar under 800 rpm for 5 h to form a homogenous slurry. It was further 



cast on a carbon-coated Al foil and dried at 80℃ for 12 h in a vacuum. Then the cathode 

was pouched into round cathode disks with a radius of 15 mm, calendared under a 

pressure of 20 MPa, and dried in a vacuum at 80℃ for another 4 h to further remove 

the residual NMP solvent. The standard coin cells were then assembled in Ar filled 

glovebox. The coin cells were assembled with Li metal anode (China Energy Lithium 

Co., Ltd., China) as the counter electrode, BE or BE-FEC as the electrolyte, and 

separator (Celgard Co., Ltd., USA). 

Characterizations. Structure characterizations were performed to investigate the phase, 

morphology, and elemental distributions of cathode materials. Half-cells were first 

cycled at 0.1 C in a voltage range of 2.5-4.6 V for 2 charging/discharging cycles, then 

subjected to constant-current constant-voltage (CCCV) charging/discharging at 0.1 C 

and voltage holding for 1 h. The cathodes were then removed from the half-cells in an 

Ar-filled glovebox, washed thrice with DMC (>99%, water≤50ppm, Shanghai Macklin 

Biochemical Technology Co., Ltd., China), and then dried in an Ar atmosphere. Ex-

situ XRD (Rigaku SmartLab Diffractometer) was performed with Cu-Kα radiation (λ 

= 1.54059 Å) to reveal the crystal structure change during the charge-discharge process. 

Cathodes after cyclic tests were also obtained from the same battery disassembly 

process above. HRTEM (JEOL JEM-F200) was performed to observe the surface 

structure of cycled NCM90 cathode. XPS measurement (Thermo Scientific Nexsa) was 

used to reveal the chemical environment of the NCM90 surface. 

Electrochemical tests. EIS was tested using the electrochemical workstation (CHI600 

series, USA), with the test frequency range of 0.1-105 Hz. The cyclic test and GITT 



measurement were performed using a Land battery testing station (Wuhan LAND 

Electronic Co. Ltd., China) in a 25℃ incubator. A voltage range of 2.5-4.6 V was used 

for GITT measurement. For the long-term cyclic test, the first three cycles were tested 

at 0.1 C, followed by another three 0.3 C cycles and then 1 C cycles.  
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Fig. S1. Charge-discharge voltage profiles of NCM90 half-cells evolving throughout 

cyclic test at a rate of 0.1C (a) with BE, (b) with BE-FEC. 

 

Fig. S2. Differential capacity curves of NCM90 half-cells evolving throughout cyclic 

test (a) with BE at a rate of 0.1 C, (b) with BE at 1C, (c) with BE-FEC at 0.1C, and (d) 

with BE-FEC at 1C. 

 

 

 

 



 

Fig. S3 Voltage-time profile of symmetrical batteries consisting of two identical Li foils 

and BE and BE-FEC, respectively. The test time is equivalent to the time for 150 cycles 

at 1 C of NCM90 cathode. 

 


