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ABSTRACT : Although significant progresses have been made on the cycle life of silicon (Si)-

based lithium (Li)-ion batteries (LIBs), their calendar-life is still far less than those required for 

electrical vehicle applications. Here, the fundamental mechanisms behind the limited calendar life 

of Si-LIBs have been systematically investigated. It is found that fluoroethylene carbonate (FEC) 

additive typically used in the electrolyte to enhance the room temperature cycling stability of Si-

LIBs is responsible for the rapid impedance-increase of Si-LIBs during storage at 55°C. An FEC-

free localized high concentration electrolyte (lithium bis(fluorosulfonyl)imide:ethyl 

propionate:ethylene carbonate:1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (1:2.8:0.2:1 

by mol.) with 1 wt.% lithium difluorophosphate) promotes stable interphase layers formed on 

electrodes can effectively block the crosstalk between cathode and anode, minimize the impedance 

increase of Si||LiNi0.6Mn0.2Co0.2 (NMC622) batteries during storage at 55°C, therefore largely 

improve their calendar life. Si||NMC622 batteries using this electrolyte also demonstrated a 92.4% 

high-capacity retention after 500 cycles at 45°C with well-preserved electrode structure.  The 

failure mechanism revealed in this work and the approach used to improve the stability of Si-LIBs 

can also be used to improve the calendar life of other rechargeable batteries. 
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During the last few decades, significant efforts have been made in the development of lithium-ion 

batteries (LIBs) based on graphite anode (372 mAh g-1) due to their high energy density required 

for electric vehicles and stationary storage applications.1-5 With the rapid development of this 

technology, the energy density of graphite-based LIBs is eventually reaching its saturation point 

and new anode materials are needed to overcome this barrier. In this regard,  silicon (Si) is one of 

the most promising alternative anode materials for LIBs due to its high theoretical capacity (~4200 

mAh g–1) which is more than ten times that of graphite. 6-7 However, the practical usage of the Si-

based LIBs has been hindered by the intrinsic volume change (~300%) of Si during repeated 

lithiation and delithiation that will lead to pulverization of Si particles and breakdown of unstable 

solid electrolyte interphase (SEI) layer formed in conventional electrolyte, and poor structural 

integrity of the electrode. 8-9 In conventional LIBs, graphite anode undergoes only ~10% volume 

change during cycling, so the SEI formed during the formation process does not experience 

significant mechanical stress during the subsequent cycles. The SEI layer formed on Si anodes, 

however, experiences tremendous mechanical stress during repeated cycles. Most SEI layers 

formed on the Si surface in conventional electrolytes break down, exposing freshly lithiated Si or 

SiO to electrolyte.  In addition, the side reactions between LiPF6 salts (which is the most common 

salt used in the conventional electrolyte) and residual moisture in the carbonate-based electrolytes 

accelerate the formation of hydrofluoric acid (HF).  HF is known to react with Si-contained oxide 

on the surface of the Si anode or components in SEI layer.  In turn, this will further induce the 

decomposition of the electrolyte and dissolution of the SEI layer. 10-11 Thus, significant Si 

degradation and electrolyte consumption continuously occur during battery storage, especially in 

the fully lithiated conditions and elevated temperature required for their electrical vehicle (EV) 

applications.12 As a result, the impedance of the Si anode will increase much faster than those of 

Page 4 of 22

ACS Paragon Plus Environment

ACS Energy Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

graphite anode stored under the same conditions, therefore shorten the calendar life of Si based 

LIBs (Si-LIBs). To overcome the above problems, many attempts have been made to modify the 

electrolyte formulation including development of new additives. Fluoroethylene carbonate (FEC) 

and vinylene carbonate (VC) were often used as very effective additives to improve the ionic 

conductivity and mechanical integrity of SEI layer, therefore significantly improve the cycle life 

of Si-LIBs at room temperature.13-14  However, FEC could decompose at elevated temperatures 

and lead to gassing and rapid increase of cell impedance, which in turn will shorten calendar life 

of Si-LIBs, especially when FEC is in contact with high voltage cathode.15-16 Therefore, although 

significant progress has been made in increasing the cycle life of Si-LIBs, the calendar life of these 

batteries is still less than two years, which is far less than the 10 year calendar life required for EV 

applications. 17  

In this work, we systematically investigated the fundamental mechanism behind the poor 

calendar life of Si-LIBs using the carbonate-based electrolyte with FEC and VC additives. A series 

of experiments have been designed to identify the most important factors related to the rapid 

increase in cell impedance: 1) Is it due to degradation of the bulk electrolytes or the interphase 

formed during the formation and cycling process? 2) Is it related to FEC and VC additives?  and 

3) what is the stability of Si anode and cathode (such as LiNi0.6Mn0.2Co0.2 (NMC622)) during 

calendar life aging in these electrolytes? With a better understanding of the degradation mechanism 

in Si-LIBs using FEC containing electrolyte, a FEC-free localized high concentration electrolyte 

(LHCE) has been developed to enhance the electrochemical performance of Si-LIBs.    

It is known that graphite-based LIBs using baseline electrolyte (noted as Gr-BE in this 

work: 1M LiPF6 in ethylene carbonate (EC):ethyl methyl carbonate (EMC):dimethyl carbonate 

(DMC) (1:1:1 vol.)) have a good cycle life. Their calendar life can also be more than 10 years.18 
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However, Si-LIBs with the same electrolyte exhibit a poor cycle life. After adding FEC or VC to 

Gr-BE electrolyte (noted as Si-baseline (or Si-BE) in this work: 1M LiPF6 in EC:EMC:DMC 

(1:1:1 vol.) + 5 wt.% FEC + 1wt.% VC), the cycle life of Si-LIBs at room temperature has been 

largely improved, but their calendar life is much shorter than those of Gr based LIBs.18  Because 

the typical calendar life tests were performed at elevated temperatures, it is reasonable to assume 

that the poor calendar life of Si-LIBs is related to the decomposition of FEC or VC at elevated 

temperatures. Dahn et al. has reported that VC can improve the Coulombic efficiency, reduce 

charge/discharge endpoint slippage at elevated temperature (50°C and 60 °C), and prolong cycle 

life.19-20 However, the effect of FEC on the calendaring life of Si based anode at elevated 

temperature has not been well understood.  

In this work, we systematically investigated the effect of FEC on the performance of Si-LIBs at 

elevated temperature (55° C).  The rapid increase in the impedance of Si-LIBs with FEC containing 

Si-BE at elevated temperature may come from two different sources: 1. Decrease in the bulk 

conductivity of FEC containing electrolyte after storage at elevated temperature; 2. Increase in the 

impedance of interfacial layers (including both SEI and cathode electrode interphase (CEI)).  To 

investigate the effect of the bulk electrolyte property during storage at elevated temperature, Si-

BE was prepared and stored at 55°C for 8 days.  There is no clear change in the conductivity of 

Si-BE observed during 55°C storage as shown in Fig. S1a. Li||NMC622 coin cells with both fresh 

Si-BE and stored Si-BE also exhibit very similar charging and discharging profiles and capacities 

as shown in Fig. S1b and S1c.  The details on the cell preparation and storage/evaluation 

procedures are shown in the Methodology session of the Supporting Information. Based on these 

results, the rapid increase of impedance in Si-LIBs with Si-BE electrolyte at elevated temperature 

should not mainly be attributed to the degradation of bulk electrolyte itself.   
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To investigate the effect of the interfacial layers during storage at elevated temperatures, 

the experimental procedure illustrated in Fig. 1a was used. First, half-cells (Li||Si, Li||Gr, and 

Li||NMC622) were assembled using Si-BE electrolyte (with FEC/VC additives) or Gr-BE 

electrolyte (without FEC/VC additives), respectively. After three or ten-cycles conditioning at 

room temperature, Si, Gr, and NMC622 electrodes (with an area of 1.76 mm2, 1.76 mm2, and 1.27 

mm2, respectively) were retrieved from the half-cells to assemble Si||Si, Gr||Gr, and 

NMC622||NMC622 symmetric cells for storage test at 55°C. Fig. S2a compares the impedance 

evolution of Si||Si symmetric cells using Si anode retrieved from Li||Si half-cells with Si-BE 

electrolyte after conditioning for three or ten cycles. The impedance of Si||Si symmetric cells with 

Si anode retrieved after ten-cycle conditioning increases more slowly than the similar cell with Si 

anode retrieved after three-cycle conditioning. In contrast, the impedance of Gr||Gr symmetric cells 

with Gr anode retrieved from Li||Gr half-cells using Si-BE after ten cycles exhibits very similar 

Figure 1. a) Schematic illustration on the procedures to prepare the cells and measure their  
impedance. Impedance evolution of b) Si anode and c) Gr anode during storage at 55°C.
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impedance evolution as compared to the cells with Gr anode retrieved after three-cycles as shown 

in Fig. S2b. This is a clear indication that Si anode needs more time (or cycles) to be stabilized 

than those of Gr anode. This is also consistent with the results reported before.21 Therefore, Si 

anode has been pre-conditioned for ten cycles in the subsequent experiments to get more consistent 

results. 

For the Si||Si cells using Gr-BE (without FEC/VC additives), no significant increase in the cell 

impedance was observed during the storage as shown in Fig. 1b.  However, a clear increase in the 

impedance of Si||Si cells using Si-BE (with FEC/VC additives) was observed. Fig. 1c reveals a 

dramatic increase in the impedance of Gr||Gr cell using electrolyte with FEC/VC additives during 

55°C storage. Although no change in the ionic conductivity and color of Si-BE (FEC containing 

electrolyte) has been observed when stored at 55°C as discussed before, the decomposition of FEC 

may accelerate when they are in contact with Si and Gr during 55°C storage. The decomposition 

of the SEI layer formed in FEC containing electrolyte during pre-conditioning process may also 

contribute to the impedance increase and associated gas release.

The effect of FEC additives on the calendar life of Si-LIBs is further investigated using 

Si||NMC622 full-cells using the Si-BE with FEC/VC additives. The Si||NMC622 cells were first 

conditioned for ten cycles to form a stable interphase layer on Si anode and NMC622 cathode.  

The Si anode and NMC622 cathode were then retrieved when the cells were at 100% state of 

charge (SOC). The symmetric cells (either Si||Si or NMC622||NMC622) using electrodes retrieved 

from conditioned Si||NMC622 cells and Si-BE electrolytes were then assembled and stored at 55°C 

for eight days. It is known that the transition metal ions may migrate from the transition metal 

oxide cathode to the anode (so called chemical crosstalk).22-23 Several groups have reported 

crosstalk between anode and cathode that can accelerate the cathode failures. 24-25 To elucidate the 
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9

impact of crosstalk on the calendar aging of Si-LIBs, the impedance evolutions of Si||Si and 

NMC622||NMC622 symmetric cells with the electrodes retrieved from both half-cells and full-

cells are compared in Fig. 2a and 2b. The differences observed between half-cells and full-cells 

will be a clear indication of the crosstalk effect because there is no crosstalk on the electrodes 

retrieved from half-cells. Fig. 2a shows that the impedance evolution of the Si||Si cells with the Si 

anode retrieved from full-cell exhibits slightly faster growth than those with the Si anode retrieved 

from half-cell. In contrast, the impedance evolutions of the NMC622||NMC622 cells with 

Figure 2. Impedance growth during storage at 55°C from half-cell and full-cell of a) Si anode and 
b) NMC622 cathode. The structural changes of NMC622 cathodes before and after storage at 55°C 
for eight days revealed by c) XRD and d) STEM images of NMC622 particles from both half-cell 
and full cells.
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NMC622 electrode retrieved from full-cell showed a dramatic increase compared with those with 

NMC622 electrode retrieved from half-cells as shown in Fig. 2b. This is a clear indication that 

crosstalk between anode and cathode during conditioning process at room temperature can lead to 

an unstable CEI layer which will degrade quickly and expose cathode to more side reactions and 

structure changes, especially when more HF is generated during cell storage at elevated 

temperature. 26-27

To further reveal the impact of crosstalk on NMC622 cathode, X-ray diffraction (XRD) and 

transmission electron microscope (TEM) have been used to check the structure changes of the 

cathodes before and after they were stored at 55C for eight days. Phase transformation from 

layered to rock-salt is promoted by cation mixing between Li+ and Ni2+ in the Li layer because Li+ 

(0.76 Å) and Ni2+ (0.69 Å) have a similar ionic radius. 28-29 The rock-salt layer generated in this 

process blocks the Li+ migration and leads to inferior electrochemical performance of cathode. 

Fig. 2c compares the XRD spectra of cathodes (retrieved from both half-cell and full-cell) before 

and after storage in Si-BE containing FEC additive. The ratios of I(003)/I(104) peak intensity in 

XRD spectra are summarized in Table S1. A smaller ratio indicates a higher degree of cation 

mixing which is detrimental for cathode performance.30-31 Fig. 2c and Table S1 indicate that 

NMC622 cathode exhibits more cation mixing after storage at 55C for eight days. They also show 

that NMC622 cathode retrieved from full-cell exhibits more cation mixing than those retrieved 

from half-cell.  This is consistent with the effect of crosstalk observed from the impedance growth 

(see Fig. 2b) and XPS analysis (see Fig. S3). The scanning TEM (STEM) images of stored 

cathodes are shown in Fig. 2d. The figure indicates that NMC622 cathode retrieved from full-cell 

exhibits a thicker cation mixing layer (~5 nm) than those retrieved from half-cell (2~5 nm of cation 
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mixing layer) with the similar thickness of CEI. This is consistent with the effect of cross-talk 

which is more evident in the case of full cell. The structure changes of NMC622 cathodes before 

and after storage at elevated temperature were further investigated by X-ray photoelectron 

spectroscopy (XPS). After storage, a significant increase in the intensity of Ni2+(69.5 eV) peak of 

Ni3p spectra (indicating Ni exists in a NiO-type rock salt phase rather than in layered oxide) 32-33 

of NMC622 cathodes retrieved from both half-cell and full-cell when they were stored in Si-BE 

with FEC additive as shown in Fig. S3a and S3b. In a strong contrast, when the similar cell was 

stored in Gr-BE electrolyte without FEC additive, no clear change was observed in the peak 

intensity of Ni2+(69.5 eV) for the NMC622 cathode retrieved from full-cell as shown in Fig. S3c. 

This is clear evidence that FEC containing electrolyte (Si-BE) can accelerate detrimental phase-

transition in NMC622 cathode at elevated temperature. 

To improve the thermal stability and extend calendar life of Si-LIBs, a FEC-free electrolyte 

was developed to minimize the effect of HF generation and related degradation when Si-LIBs were 

stored at elevated temperature. The electrolyte (named as E10 in this work) is based on a localized 

high concentration electrolyte (LHCE)34 consists of lithium bis(fluorosulfonyl)imide (LiFSI):ethyl 

propionate (EP):ethylene carbonate (EC):1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether 

(TTE) (1:2.8:0.2:1 by mol.) +1 wt.% lithium difluorophosphate (LiPO2F2).   Both half cells (Li||Si, 

Li||NMC622) and full-cell (Si||NMC622) with E10 electrolyte were prepared and tested following 

the procedures illustrated in Fig. 1a. After ten-cycle conditioning, Si||Si and NMC622||NMC622 

symmetric cells were assembled using the electrodes retrieved from conditioned cells and stored 

at 55°C for eight days.  Fig. S4 shows that the impedance of Si||Si cell with Si anodes retrieved 

from full-cell is about twice as large as those with Si anode retrieved from half-cell, but no rapid 

increase in cell impedance was observed during storage.  This indicates that E10 electrolyte does 
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not leads to significant degradation of either bulk or interfacial properties of Si||Si cell during 

storage at elevated temperature. More importantly, the impedance of NMC622||NMC622 

symmetric cells with the NMC622 cathodes retrieved from full-cell is very similar to those 

retrieved from half-cell as shown in Fig. 3a.  This means a) the effect of crosstalk on NMC622 

cathode during conditioning of full-cell with E10 electrolyte at room temperature is negligible; b) 

fully charged NMC622 cathode stored with E10 electrolyte at elevated temperature (55°C) is stable 

during storage. 

XRD spectra of the NMC622 cathode retrieved from conditioned full-cell before storage 

and after stored in NMC622||NMC622 symmetric cells with E10 electrolyte at 55°C for eight days 

Figure 3. a) Impedance growth during storage at 55°C from half-cell and full-cell of NMC622 
cathode with E10 electrolyte. b) XRD spectra of NMC622 cathodes tested in E10 electrolyte before 
and after storage at 55°C. c) STEM images of NMC622 particles tested in E10 electrolyte and 
retrieved from half-cell (left) and full-cell (right) after storage. 
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are compared in Fig. 3b. The intensity ratios of I(003)/I(104) peaks in XRD spectra are 

summarized in Table S2. Although the ratio of I(003)/I(104) peak intensity (which is an indication 

of cation mixing) in XRD spectra of the NMC622 cathode decreased 5% after stored in E10 

electrolyte, this change is smaller than those observed in the NMC622 cathode stored in Si-BE 

electrolyte under similar conditions (~8%, see Table S1). Fig. 3c shows STEM images of NMC622 

cathode retrieved from half-cell (left) and full-cell (right) after storage test with E10 electrolyte. 

Compared with the thick cation mixing layer and CEI layers observed in NMC622 cathode stored 

in Si-BE electrolyte (see Fig. 2d), only a very thin CEI layer (1.5-2.5 nm) and minimal cation 

mixing were observed in the NMC622 cathode stored in FEC-free E10 electrolyte as shown in Fig. 

3c, no matter whether the cathode was retrieved from half-cell or full-cell. The effect of E10 on 

the stability of cathode can be further demonstrated when the Li||NMC622 cells were charged to 

different voltages as shown in Fig. S5. For a NMC622||NMC622 symmetric cell with cathode 

retrieved from Li||NMC622 half-cells with Si-BE electrolyte and charged to 4.2 (vs. Li/Li+) during 

ten cycle conditioning process, no impedance increase was observed during eight-day storage at 

55°C in the same electrolyte (see Fig. S5a).  In contrast, a dramatic increase in the impedance of 

NMC622||NMC622 symmetric cell was observed under the similar storage conditions if the 

cathodes were retrieved from Li||NMC622 cells charged to 4.4 (vs. Li/Li+) during conditioning 

process. In contrast, when E10 electrolyte was used, no clear differences in the impedance of 

NMC622||NMC622 symmetric cells were observed during storage no matter whether the cathode 

was charged to 4.2 or 4.4 V during pre-conditioning process (see Fig. S5b). There is also no rapid 

increase in the impedance of symmetric cells during eight-day storage at 55°C. 

The results shown above demonstrated that calendar life of Si-LIBs at elevated temperature 

can be improved by using a FEC-free electrolyte (E10). The cycling stability of Si-LIBs with E10 
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electrolytes was further investigated at both elevated temperature (45°C). After two formation 

cycles (at C/10 and C/5 rate), the cycle performances of the Si||NMC622 cells using E10 electrolyte 

were evaluated at 0.7C charging rate and 0.5C discharging rate (1C = 3.3 mA cm−2) in the voltage 

range of 2.0 to 4.2 V. As a comparison, the performance of the Si||NMC622 cells using Si-BE was 

also evaluated.  As shown in Fig. 4a, the capacity retention (95.4%) of cells with E10 electrolyte 

is remarkably higher than those with Si-BE electrolyte (16.5%) after 500 cycles. As a reference, 

the cycle performances of the Si||NMC622 cells with E10 or Si-BE electrolytes were also evaluated 

at room temperature under the same cycling conditions as shown in Fig. S6. These data 

demonstrate that FEC-free electrolyte E10 can suppress the side reaction and improve the cycling 

stability of Si-LIBs within a wide temperature range.   After 500 cycles at 45°C, the cycled Si 

anode and NMC622 cathode were retrieved from fully discharged cells with E10 and Si-BE 

electrolytes and analyzed by scanning electron microscope (SEM), TEM, and XPS spectroscopies 

as shown in Fig. 4b-4i. Fig. 4b and 4c show the cross-sectional images of  NMC622 particles 

analyzed by focused ion beam (FIB)-SEM. NMC622 particles cycled with Si-BE electrolyte 

exhibit significant micro-cracks generated by the anisotropic change of lattice parameters during 

cycling and accelerated at elevated temperatures (see Fig. 4b). Liquid electrolytes penetrate cracks 

and grain boundaries and lead to more cracks in particles.35 It also increases the side reactions and 

accelerate the capacity decay of Si||NMC622 cells with Si-BE electrolyte (cycled at 45°C) as 

shown in Fig. 4a. In contrast, the NMC622 particles cycled in E10 electrolyte (without FEC) have 

no cracks even after 500 cycles as demonstrated by the FIB-SEM images shown in Fig. 4c which 

is similar to the structure of pristine samples shown in Fig. S7.  This a clear indication that cracks 

in primary and secondary particles can be largely suppressed when the cathode was cycled in FEC-

free E10 electrolyte even at elevated temperature. 
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Figure 4. a) Cycle performance of Si||NMC622 cells with different electrolytes at 45°C. Post-
mortem analyses on NM622 cathode after 500 cycles: Cross-sectional SEM images of cathode 
cycled in b) EB and c) E10 electrolytes; XPS spectra of cathode cycled in d) EB and e) E10 
electrolyte, and TEM images of cathode cycled in f) EB and g) E10 electrolyte. h) Surface SEM 
images of Si anode cycled in h) EB and g) E10 electrolytes; i) XPS spectra of Si anode cycled in 
EB (top figures) and E10 (bottom figures)
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The structures and compositions of the CEI layers formed on cycled NMC622 cathode are 

further analyzed by XPS and TEM. For the NMC622 cathode cycled in Si-BE electrolyte, the peak 

intensity of LiF in XPS F1s spectra is much smaller than those of C-F/LixPOyFz (687.8 eV, F1s)36 

as shown in Fig. 4d. This means the CEI layer is dominated by C-F/LixPOyFz. In contrast, for the 

NMC622 cathode cycled in E10 electrolyte, the peak intensity of LiF in XPS F1s spectra is 

comparable with those of C-F/LixPOyFz as shown in Fig. 4e. This means the LiF composition in 

CEI layer formed in E10 electrolyte (which is FEC-free) is much higher than those formed in Si-

BE electrolyte (which contains FEC). In addition, the NMC622 cycled in E10 has a clear peak 

associated with Li3PO4 (134.2 eV, P2p)37 which can be attributed to the decomposition of LiPO2F2 

(an additive used in E10). This peak was not observed in the spectra of NMC622 cycled in Si-BE 

electrolyte.  It is known that a salt-driven inorganic-rich CEI layer has a higher ionic conductivity 

and higher stability.38 Therefore, crack suppression shown in Fig. 4c can be attributed to the 

LiF/Li3PO4 rich CEI layer formed in FEC-free E10 electrolyte which can significantly enhance the 

mechanical strength and ionic conductivity of CEI layer. The formation of the LiF/Li3PO4 rich 

CEI layer in E10 electrolyte can be attributed to the unique solvation structure of LHCE and 

LiPO2F2 additive used in E10. (S)TEM images of the NM622 particles further verify the formation 

of a uniform and stable CEI layer in E10 electrolyte. Fig. 4f (high resolution TEM image) shows 

a very thick CEI layer (~30 nm) was formed on the NMC622 cathode cycled in Si-BE electrolyte, 

while a much thinner CEI layer (~2 nm) was formed on the NMC622 cathode cycled in E10 

electrolyte (see Fig. 4g (high resolution STEM image)). 

The effect of electrolyte on the morphology and SEI composition of Si anodes are also 

investigated after 500 cycles.  Fig. 4h compares SEM images of Si anode cycled in Si-BE 

electrolyte (top image) and E10 electrolyte (bottom image). The Si anode with Si-BE electrolyte 
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is covered by a thick SEI layer. No large pristine Si particles can be identified on the surface as 

shown in the top image of Fig. 4h. In contrast, the Si anode cycled in E10 electrolyte still maintains 

a clean surface and pristine Si particles (3-5 m) can still be easily identified even after 500 cycles 

as shown in the bottom image of Fig. 4h.  Fig. 4i compares XPS spectra of Si anode cycled in Si-

BE electrolyte (top figures) and E10 electrolyte (bottom figures). The clear peaks associated with 

Ni (69.0 eV in N3p) 39, Co (CoF2 at 785.4eV in Co2p)40, and Mn (compounds of MnO, MnF2, and 

MnO2 at 641.0, 654.7, and 642.7 eV in Mn2p) 41-42 have been identified on the Si anode cycled in 

Si-BE electrolyte as shown in the top spectra of Fig. 4i. This is a clear indication of crosstalk effect, 

i.e., the dissolved transition metal ions (Ni, Mn, and Co) moved from the cathode side to the anode 

side that is detrimental to ion transport and cell performance.43-44 In contrast, no Ni, Co, and Mn 

can be identified on the surface of Si anode cycled in E10 electrolyte as shown in the bottom 

spectra of Fig. 4i. These results clearly demonstrate that E10 electrolyte successfully prevented the 

crosstalk from the cathode to the anode as well during long term cycling.  

In this work, the fundamental mechanism behind the limited calendar life of Si-LIBs have 

been investigated.  It is found that the unstable interphase layers (both SEI and CEI layers) formed 

during the formation/cycling of batteries with an electrolyte containing FEC additive are the main 

reasons responsible for the rapid increase in the impedance of Si-LIBs with FEC containing 

electrolyte during storage at elevated temperature (55°C).  In addition, the transition metal ions in 

NMC622 cathode can migrate to Si anode, block Li ion transport and lead to fast capacity fade. A 

LCHE electrolyte (E10) without FEC and VC additives has been developed to address these 

challenges. E10 electrolyte minimizes the detrimental effect of crosstalk between cathode and 

anode, and reduces the impedance increase of Si||NMC622 batteries during storage at elevated 

temperature (55°C), therefore largely improving the calendar life of these batteries.  Si||NMC622 
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batteries using E10 electrolyte also demonstrated a high-capacity retention of ~92.4% after 500 

cycles at 45°C with the well-preserved structure for both NMC622 cathode and Si anode. Hence, 

the localized high concentration electrolyte E10 is a good candidate for long term cycle life and 

calendar life of Si-LIBs. 
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