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Abstract 

Silicon (Si) is the most naturally abundant element possessing 10-fold theoretical capacity than graphite-

based anodes. The practicality of implementing Si anodes is, however limited by the unstable solid-

electrolyte interphase (SEI) and anode fracturing during continuous lithiation/delithiation. We 

demonstrate that glyme-based electrolytes (GlyEls) assure a conformal SEI on Si and keep the Si 

‘fracture-free’. Benchmarking against the optimal, commonly-used carbonate electrolyte with the 

fluoroethylene carbonate (FEC) additive, Si anode cycled in a GlyEl exhibits reduced early parasitic 

current (by 62.5%) and interfacial resistance (by 72.8%), while the cell capacity retention is promoted 

by >7% over a course of 110 cycles. The mechanistic investigation by X-ray photoelectron spectroscopy 

(XPS) and energy-dispersive X-ray spectroscopy (EDX) indicates GlyEl enriches Si SEI with elastic 

polyether but diminishes its carbonate species. Glyme-based electrolytes prove viable in stabilizing the 

SEI on silicon for future high energy density lithium-ion batteries.
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Due to its ultrahigh theoretical lithium storage capacity (3579 mAh g−1 for Li15Si4),
 1 silicon has been 

considered as a promising alternative anode to graphite in lithium-ion batteries (LIBs). 2-3 Electrolytes are 

one of the most essential components and are often determinative in the cycling stability of LIBs. 4 The 

reduction decomposition of the electrolyte components generates a passivation layer, the so-called 

solid/electrolyte interphase (SEI), to protect the electrolyte from further decomposition. 5 Common 

carbonate-based electrolytes (CarEls) optimized to stabilize the graphite anode/electrolyte interphase for 

state-of-the-art LIBs 6 insufficiently passivate the silicon anode. 7 Structural disruption during cycling 

results in ~300% volumetric change of the Si anode. 8 The subsequent Si fracture inevitably deteriorates 

the superficial SEI layer. Further, the decomposition products of the CarEls such as lithium ethylene 

dicarbonate (LiEDC) are reactive on Si surface. 7 Taken together, the application of CarEls generates an 

inherently unstable SEI, leading to continuous electrolyte decomposition and Li consumption on Si 

surface, causing rapid degradation of the LIB over time.  

Extensive attempts have been made to promote Si cyclability using carbonate-based additives. 9-10 An 

addition of less than 10 wt% fluoroethylene carbonate FEC has been shown to drastically improve the 

charge/discharge stability. 11-12  The beneficial role of FEC degradation in stabilizing Si anodes is thought 

to occur  via a) facilitating earlier formation of the passivation layer at a higher reduction potential to 

mitigate the decomposition of other electrolyte components, and 12 b) mitigating the poly(ethylene oxide) 

(PEO)-like oligomeric electrolyte breakdown products by forming a cross-linked polyether network. 13 

The insolubility of the cross-linked polymeric species appears crucial to accommodating severe Si 

volumetric change upon cycling, thereby stabilizing the Si surface and enabling capacity retention. 13-14 

Despite early successes, carbonate additives have seen intrinsic limitations to ameliorate instability of the 

SEI on Si.  

Glyme-based electrolytes (GlyEls) have proved beneficial in stabilizing lithium metal anodes. 15 In the 

presence of concentrated electrolytes, GlyEls are capable of suppressing lithium dendrite growth. 4, 16 

Early efforts in GlyEl development were primarily focused on improving cyclability of silicon sulfur 

batteries. 17-19 1,3-dioxolane (DOL) in dimethoxyethane (DME) solvents were often used, with lithium 

nitrate (LiNO3) additive to mitigate the polysulfide shuttle effect. 17 To date, investigation of GlyEls as an 

electrolyte chemistry to stabilize Si anodes has been unexplored. As a result, knowledge of the SEI 

chemistry, structure, and formation mechanism in GlyEls on Si is largely absent.  

In this work, we demonstrate that GlyEls outperform their carbonate-based analogues by forming a more 

robust SEI on Si. Lithium bis(fluorosulfonyl)imide (LiFSI) in DME was used as a model GlyEl, with or 

without the 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) additive. TTE is analogous to 

the FEC additive for carbonates. GenII (1.2M LiPF6 in ethylene carbonate (EC):ethyl methyl carbonate 

(EMC), 3:7 wt.%) was used as the GlyEl counterpart. The addition of 10 wt% FEC to GenII leads to an 

optimal CarEl (GenF) with improved cycling performance. Comparison of initial and long-term cycling 

SEI on a 50 nm amorphous silicon (a-Si) thin film anode in a Li-Si half-cell were performed between 

GlyEls and CarEls. A GlyEl composed of LiFSI, DME and TTE (1:3:3 by molar ratio, denoted as LiFSI-

3DME-3TTE, corresponding to 1.2M LiFSI in DME assuming TTE does not participate in the 

coordination chemistry) surpassed its best performing CarEl counterpart, GenF, with enhanced cycling 

performance, reduced interfacial resistance and polarization effect. LiFSI-3DME-3TTE was found 

capable of stabilizing Li metal anode.20 Its functions on Si anode have yet been explored. Structural and 

morphological investigation indicates that SEI formed with LiFSI-3DME-3TTE is more conformal on Si 

after prolonged cycles, protecting Si from fracturing. Chemical characterization indicates that such a SEI 

has reduced carbonate but increased polyether compounds compared to its carbonate counterparts, 

providing a more elastic and Li+-conductive SEI on Si anode.    
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Figure 1. (A) Summary of the parasitic current density collected at the end of the 24h chronoamperometry 

holding test. All galvanic cycling was implemented at 1C equivalent rate (41.7 µA/cm2) between 50 mV 

and 1.5V at 25° C. (See Fig S1.E-F for test protocol) (B) Discharge capacity as a function of cycle 

number. (C) Comparison of the lithiation peaks for various electrolytes (see Fig S2 for dQ/dV plot 

overview). (D) The lithiation potential as a function of cycle number for a-Si anodes cycled in various 

electrolytes. (E) EIS plots for various electrolytes at the 100th cycle. The frequency value was taken from 

the semi-circle top for each sample. (F) Values of SEI resistance, RSEI, for various electrolytes at different 

cycling stages (See Figure S4 for EIS overview).  
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Early SEI formation was first studied by cyclic voltammograms (CVs) as summarized in Fig S1.A-D. 

GenII electrolyte features a reduction potential at 0.76 V (vs. Li/Li+, hereafter), indicating the EC onset 

reduction (Fig S1.B). 21 GenF has an elevated SEI formation voltage at 0.79V, related to the sacrificial 

FEC decomposition, which mitigates the decomposition of other electrolyte components. 22-23 All GlyEls 

exhibit an initiation of reduction at higher potentials than CarEls. GlyEls with TTE have noticeably 

increased cathodic current (Fig S1.B), indicating that TTE may serve as a protective agent or promote the 

protective electrolyte reduction analogous to FEC in GlyEls.  

Under optimal conditions, the Si anode should be well passivated during early cycling to mitigate excess 

electrolyte decomposition. To investigate the initial passivation period, the SEI formation behavior on a-

Si in early galvanostatic cycles was first explored. Galvanostatic cycling (GC) – chronoamperometry (CA) 

holding protocol was used to complement initial SEI stability on a-Si (Fig S1.E-F). Briefly, the a-Si thin 

film anodes were pre-cycled in the different electrolytes at 1C rate (i.e. formation cycle) between 50 mV 

and 1.5 V and 50 mV, followed by five discharge (at 1C rate to 50 mV) – CA hold (at 50 mV for 24h)-

charge (at 1C rate to 1.5V)-cycles as shown in Fig S1.E-F. It is assumed that there is no net change of the 

alkali ions in the anode at the end of the CA holding stage, with the ending stage current defined as the 

parasitic current, Ip. Ip quantifies the continuous electrolyte decomposition on lithiated Si surface due to 

incomplete SEI coverage. GenII exhibits the lowest Ip in the first GC, whereas GenF has 4.8-fold larger Ip, 

indicating more electrolyte was consumed in GenF for a-Si surface passivation (Figure 1A).  

GlyEls show an intermediate Ip values in the 1st cycle compared to those of CarEls. Without TTE, the 

parasitic current fluctuates over cycling, likely due to incremental dissolution of the SEI layer over time. 

Therefore, TTE is necessary to stabilize Si anode for GlyEls. Overall, Ip deceases nearly exponentially 

over cycling, indicative of progressive SEI passivation of a-Si with all electrolytes. The evaluation of 

early passivation behavior on Si indicates that even with the optimal additive, FEC, the SEI formed on Si 

is unstable in early GC cycles. The GlyEls (with TTE) have marginally larger parasitic current than GenII, 

but smaller Ip than GenF. This result motivates an exploration of SEI formation after extended cycling to 

better evaluate the SEIs formed in GlyEls and CarEls. 

When cycled with LiFSI-3DME-3TTE, a-Si exhibits more stable charge-discharge profiles (Fig S2) and 

the smallest initial capacity loss (Fig S2.A and Table S1). Another primary advantage of LiFSI-3DME-

3TTE over other electrolytes is its promoted capacity and capacity retention. Adding 10 wt% TTE 

increases the capacity retention from 62% to 74% compared to LiFSI-DME, showing the importance of 

TTE as an additive in GlyEls. All GlyEls measure higher capacity retention than GenII. Notably, the 

average capacity of LiFSI-3DME-3TTE is 12.3% higher than GenF, with capacity retention over 7% 

higher than GenF. The discharge capacity was 3266 mAh/g for LiFSI-3DME-3TTE at 110th cycle, 15% 

larger than GenF. It should be noted that higher than theoretical capacity of the Si anode during the initial 

cycle has been observed for all electrolytes in Figure 1(B), agreeing with similar studies on Si thin film 

anodes. 24-26 The initial capacity reduction of GenII is 96.3%. Both GenF and the LiFSI-3DME-3TTE 

exhibit higher initial capacity reduction values of 88.7% and 86.2%, respectively. The higher than 

expected initial capacity and the initial capacity reduction of the thin film a-Si anodes can be ascribed to 

the both of the SEI formation 25 and the reaction of the Li+ with the surface SixO or silanol groups. 26 The 

existence of the SixO and silanol groups on the a-Si thin film was confirmed by our recent study. 27 The 

side reactions between Li+ and SixO and Si-OH lead to irreversible Li2O and LiOH formation. 26 Note that 

the SEI formation may limit the generation of the Li2O and LiOH, the different initial capacity reduction 

values among various electrolytes is likely due to the different initial SEI layers produced in various 

electrolytes and the consequent different amount of Li2O and LiOH formation.  
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In addition to improved capacity and capacity retention compared to GenF, LiFSI-3DME-3TTE shows 

stable Columbic efficiency (CE) at an earlier point in cycling (>99%, 4th cycle (Fig S3)). In contrast, 

GenF did not reach 99% CE until the 6th cycle. GlyEls without TTE did not achieve 99% CE until 60 

cycles, supporting the importance of TTE additive in the suppression of side reactions which occur earlier 

than those associated with FEC additive in GlyEl. Interestingly, both LiFSI-DME-10wt% and GenII show 

CE <98.5%, with the maximum CE values in the 16th cycle, indicating the importance of sacrificial 

additives such as TTE and FEC in the stabilization of Si anodes. LiFSI-3DME-3TTE enables an average 

CE of 99.4% in the final 30 cycles, comparable to state-of-the-art carbonate electrolytes 3 and  artificial 

SEIs engineered for the a-Si thin film anode. 28-29  

LiFSI-3DME-3TTE also demonstrates the lowest polarization, facilitating lower energy barriers to 

lithiation and delithiation. Differential capacity profiles (Fig S2.A) show two lithiation peaks at 0.07V 

and 0.20V (Figure 1(C)) after the 1st cycle, and two delithiation peaks at 0.30V and 0.49V. The lithiation 

potentials for LiFSI-3DME-3TTE are high in the first 5 cycles (Figure 1(D) and Fig S2), demonstrating 

its low energy barrier for Si lithiation. Si anode passivation results in increase of the polarization effect 

upon cycling. 30 Counter-intuitively, polarization decreases for all electrolytes after the 1st 

charge/discharge cycle, despite additional SEI growth. Electrochemical impedance spectroscopy (EIS) 

profiles (Fig S4) show an abrupt drop in anode/electrolyte interfacial resistance after the 1st cycle, 

coincident with the decreased polarization depicted in Figure 1(D). Such a phenomenon is likely due to 

the disruption of the resistive native SiOx layer on a-Si upon lithiation. 26, 31 Notably, polarization 

decreases for both of LiFSI-3DME-3TTE and GenF upon cycling, whereas other electrolytes show 

fluctuating lithiation potentials, indicating multiple competing mechanisms in the SEI (Figure 1(D)). 

Given that continuous lithiation/delithiation leads to expansion/contraction of the Si, the already-formed 

SEI could be destroyed and Si surface area could be increased due to Si fracture. 32-33 The increased 

surface area results in an overall reduced anode/electrolyte interfacial resistance in successive cycles. It is 

noteworthy that the polarization for LiFSI-3DME-3TTE reaches steady-state earlier than GenF, 

suggesting that a more protective SEI forms more rapidly, agreeing with the smaller parasitic current 

observed for LiFSI-3DME-3TTE compared to GenF (Figure 1(A)). We shall point out that a small 

parasitic current at the early galvanostatic cycling stage does not seem to directly correlate to the long-

term cycling stability. The possible reason is that more reduction decomposition of the electrolyte is 

necessary to build the SEI robust to endure volumetric change of the Si. Therefore, future design of Si 

anode should consider such an effect to compensate the lithium loss during the SEI formation stage.   

EIS plots also reveal that a-Si has the lowest interfacial resistance at prolonged cycles in LiFSI-3DME-

3TTE (Figure 1(E-F)). A typical EIS curve is composed of a semicircle at medium to high frequency 

(1MHz – 50Hz) and a low frequency (<50 Hz) diffusion tail (Figure 1(E) and Fig S4). This type of EIS is 

best described by an equivalent circuit of 6 elements: Relectrolyte+[QSEI//RSEI]+ [QSE//(RSE+Wd)], where the 

high frequency intercept on the real impedance axis, Relectrolyte represents the electrolyte Ohmic loss; the 

parallel RC circuit, QSEI//RSEI, represents the resistance from the charge transport across the SEI on a-Si, 

resistance from charge transport in the SEI, and an additional RC circuit indicates the surface electron 

transfer process (QSE and RSE). The Warburg circuit element, Wd models the lithium diffusion resistance 

in bulk a-Si anode and Q is the constant phase element, representative of nearly capacitive impedance 

components in the circuit. 34 The experimental and fitted EIS spectra are in good agreement with the 

suggested equivalent circuit, averaging less than 1.5% deviation as calculated by weighted sum of squares 

(Figure 1(E)). A plot of the RSEI vs. cycle number is shown in Figure 1(F). While the value of RSEI for 

LiFSI-3DME-3TTE stabilizes at 38.3±0.9 Ω/cm2 after the 20th cycle, RSEI of other electrolytes fluctuates 

as cycling proceeds, suggesting a lack of passivation layer on a-Si. Notably, the overall interfacial 
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resistance of LiFSI-3DME-3TTE electrolyte is one quarter that of its GenF counterpart. These results 

indicate prospective benefits for improved rate performance for Si anodes with glyme electrolytes.  

To evaluate the performance of the GlyEls with more practical electrodes, a proof-of-concept full cell test 

using the particle-based composite Si anode and a high voltage LiNi0.5Mn0.3Co0.2O2 (NMC532) cathode 

was performed. As shown in Fig S5, the charge/discharge galvanostatic cycling curve looks similar for 

LiFSI-3DME-3TTE benchmarked to GenF. Overall, cycled with LiFSI-3DME-3TTE electrolyte, the Si-

NMC(532) full cell shows marginally higher discharge capacity in 20 cycles. It indicates that the GlyEls 

is potentially compatible with high voltage cathodes.  

Salt concentration effect on the parasitic current and the cycling performance of the a-Si thin film anode 

was also investigated as shown in Fig S6. With saturated LiFSI in DME (LiFSI-1.2DME-3TTE, 

corresponding to 3M LiFSI in DME), the parasitic current was further reduced during the first 5 cycles. 

However, the specific capacity was reduced benchmarked to LiFSI-3DME-3TTE, likely due to the 

increased ion cluster concentration in the GlyEl and reduced ionic conductivity (see Supporting 

Information for details)  
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Figure 2. SEM micrographs and corresponding SEM-EDX maps of a-Si anodes after 110 cycles in 

various electrolytes. The oxygen and silicon mappings represent the SEI and Si distribution on Cu foil, 

respectively. Cu maps are complementary to Si maps, where underlying Cu is exposed in fractured 

regions of the Si. The SEM image of the pristine Si is shown in Fig S7.  

Further investigation of the a-Si anode morphology and chemistry via scanning electron microscopy 

(SEM) and energy-dispersive X-ray spectroscopy (EDX) mapping shows that LiFSI-3DME-3TTE 

facilitates the formation of a “crack-free” a-Si anode and a conformal SEI coating. As manifest in the 

SEM micrographs, small fractures develop in the a-Si cycled in CarEls (see Fig S5 for pristine a-Si SEM); 

in contrast, fewer cracks form on a-Si cycled in GlyEls. Particularly, a-Si cycled in LiFSI-3DME-3TTE 

shows minimal fracture. Particularly, a-Si cycled in LiFSI-3DME-3TTE shows minimal fracture. The a-Si 

fracture may initiate in the preliminary five cycles (see Fig S8). The presence of higher spectroscopic 

intensity for Cu at sites of low Si intensity confirms the occurrence of the morphologically evident Si 

fracture. From these observations of Si fracture, the CarEl SEI (CarEl-SEI) appears incapable of uniform 
passivation, as indicated by the inhomogeneity in the O signal. In contrast, LiFSI-3DME-3TTE aids in 

forming a uniform and conformal SEI, as evidenced by the homogenous O signal. Without TTE, the SEI 
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occurs in an island-like pattern, with visible a-Si fracture. LiFSI-3DME-3TTE promotes the integrity of 

the Si and SEI through 110 cycles, benefiting the improved capacity and capacity retention. It should be 

noted that the existence of the Si-oxide components also contributes to the oxygen signal. However, such 

a contribution is considered small (<5%), with further evidence from the XPS detailed in the supporting 

information.    

 

EDX atom% analysis (Fig S9) suggests that LiFSI-3DME-3TTE has the highest carbon (68.6 C atom%) 

among all electrolytes, indicating that LiFSI-3DME-3TTE promotes the  polymeric-rich SEI composition 

(i.e. C-C backbone). After 110 cycles, GlyEl-SEI has nearly three times higher F content than the CarEl-

SEI counterparts, independent of TTE loading (Fig S9). This result suggests that LiFSI decomposition is a 

major source of fluorinated species in GlyEl-SEI. 

 

Figure 3. (A) XPS C 1s, O 1s and F 1s core-levels of a-Si cycled in different electrolytes after 110 cycles 

(110-cyc) and only in LiFSI-3DME-3TTE after 5 cycles (5-cyc). (B) C% atom ratio for different 

functional groups on a-Si for various electrolytes. (C) Comparison of aliphatic (C-C, C-H) atomic 

percentages and relative ratios of C-O/C=O for different Si SEIs. (D) Decomposition mechanisms of 

LiFSI and DME in GlyEls.  

X-ray photoelectron spectroscopy (XPS) was used to explore the compositional differences 

between the SEI of each electrolyte. Fig S10 shows that the SEI in all electrolytes contains high 

concentrations of C, O and Li, and low concentrations of F and Si. Focusing on C 1s core-level, 

the most distinct chemical difference between the CarEl-SEI and the GlyEl-SEI lies in the peak at 
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290.7-291.7 eV. This peak represents the carbonate compounds (Table S2). 35-36 Such a peak has 

noticeably larger intensity in GenII SEI after 110-cycle compared to the same peak in the GlyEl-

SEI. The second noticeable difference between GlyEl-SEI and CarEl-SEI is that the former 

contains larger concentration of ether (C-O) groups, as manifested by the higher intensity of the 

287.2-289.8 eV C 1s peak. 37 The relative prevalence of carbonyl in the CarEl-SEI and ether in the 

GlyEl-SEI is also observed in the O 1s spectra shown in Figure 3. Interestingly, the carbonate 

peak is significantly more dominant for the first 5 cycles of the LiFSI-3DME-3TTE, but then is 

shown to be severally diminished by the 110th cycle. A more quantitative analysis on XPS C1s 

peak is detailed in Figure 3(B). As reported by Grey et al., 13 FEC facilitates the formation of 

cross-linked PEO stemming from multi-electron reduction of EC. The elasticity of the PEO 

species aids in buffering the volumetric change of Si. 13 For clarification, the “elasticity” here is to 

describe the mechanical property of the polymeric SEI layer, which scales the SEI reversible 

deformation to endure the stress variation in repetitive lithium insertion and extraction process in 

the Si anode. Other studies also found the permanent plastic deformation of the Si is more 

important than the elasticity. 38-39 The GlyEl-SEI formed in LiFSI-3DME-3TTE has 1.3× larger 

ether concentration than its CarEl-SEI counterpart from GenF. Its alkyl C-C/C-H (286-287.34 eV) 
40 is 1.2× of the GenF CarEl-SEI. This clearly indicates that SEI derived from LiFSI-3DME-3TTE 

is enriched in polyether (i.e. PEO). This finding can be further consolidated by C-O/C=O and 

carbon/oxygen (C/O) ratios. Figure 3(C) clearly shows that the C-O/C=O ratio is higher for 

GlyEl-SEI than its ClyEI counterpart. C/O ratio serves as a side-proof of the relative abundance of 

the carbonate and ether based on the following reason. The C/O ratios are 2, 0.5 and 0.33 for 

single ethylene oxide unit (-C-C-O), carboxylate group (-COO), and carbonate (OC=OO), 

respectively. It can be clearly seen from Fig S11 that GlyEl-SEIs have an overall higher C/O ratio 

than their CarEl-SEI counterparts after 110-cycle. Compared to the GenF CarEl-SEI, the LiFSI-

3DME-3TTE (110-cycle) GlyEl-SEI has a greater than 3× C-O/C=O ratio and greater than 2× 

C/O ratio, suggesting a much higher polyether abundance in GlyEl-SEI. We herein propose a 

possible cross-linking decomposition mechanism of DME illustrated in Figure 3(D). An ethane 

group in the middle may lose hydrogen to form a DMEradical. 41 Crosslinking reactions could 

then occur among the DME radicals to form a polyether network. As previously mentioned, early 

SEI formed in LiFSI-3DME-3TTE (5-cycl) has 2.6× more carbonate compounds, but 1.7× less 

ether concentration than its 110-cycle counterpart. Having a lower polyether concentration at 

early cycles may contribute to a less stable SEI (Figure 1). The enrichment of polyether after 

prolonged cycles of GlyEl-SEI has four potential merits: (i) it reduces solvent penetration and 

swelling of the SEI helping to mitigate further solvent reduction; (ii) it has higher elasticity 

compared to the polycarbonate counterpart, thereby mitigating the cracking in the SEI and 

accommodating the Si volumetric change and (iii) it promotes higher Li+ conductivity than linear 

PEO from EC-based CarEls; 42 (iv) the conformal SEI coating may homogenize the Li+ transport 

through the SEI, thereby synchronizing the volumetric change of Si from point to point and 

mitigate the Si fracturing overtime. 9 

 

A higher polyether concentration is not a guaranteed sign of a “better” SEI and more stable 

cycling. All GlyEl-SEIs have a higher polyether loading than GenF CarEl-SEI; however, Li-Si 

cells with LiFSI-DME and LiFSI-DME-10wt% TTE showed worse cycling performance than 

GenF (Figure 1(B)). Figure 3(B) shows that GlyEl-SEI formed in LiFSI-DME contains twice the 

amount of Li2CO3 (290.7-291.7 eV) 40 as GlyEl-SEI formed in LiFSI-3DME-3TTE. This 

increased presence of Li2CO3 hinders Li+ transport due to its low Li+ conductivity. Therefore, it is 

critical to consider Li+ conductivity in addition to the SEI elasticity. 43  

 

Fluorinated species have a significant impact on how the SEI behaves during cycling. From Figure 3(A), 

F 1s core-level spectra show that the all GlyEl SEIs have increased LiF (686.2-687.2 eV) concentration 
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compared to CarEl SEIs. Studies have yet to reach a consensus on the function of LiF in the SEI. 44-45 On 

the one hand, LiF formation in the SEI layer is essential to create an electron barrier to keep the 

electrolyte from further degradation. 46 On the other hand, a high LiF concentration in the SEI 

could block electron transfer, thereby increasing the internal resistance of the Li-Si cell and 

ultimately reducing the cell cycle life. 44 Without the TTE additive, GlyEl SEI formed in LiFSI-

DME has 1.3× more LiF than its LiFSI-3DME-3TTE counterpart (Fig S12), whereas the addition of 

10wt% TTE leads to 40% less LiF. It indicates that the amount of LiF needs to be optimized for a better 

performing SEI. The abundance of fluorinated species in all GlyEl-SEI samples is independent of the 

TTE loading, suggesting that the fluorinated species result preferably from the decomposition of LiFSI 

instead of TTE. This agrees with the EDX analysis. A possible LiFSI decomposition path is shown in 

Figure 3(D). A multiple electron transfer to LiFSI leads to cleavage of the S-F bond, and consequent 

formation of N(SO2)2 species. 41 Further decomposition of N(SO2)2 leads to SO2 gassing, or formation of 

the SO3
2- in GlyEl-SEIs (also see Fig S13). 47 There is no SO3

2- in the CarEl-SEIs. Sulfite containing SEI 

was found capable of stabilizing graphitic anodes, 48  but whether or not it can stabilize Si anodes is not 

yet clear and should be subject to further exploration.  

Scheme I. Illustrations of the composite (left) and partitioned (right) views of the SEIs formed in CarEls 

and GlyEl after extended cycling. GlyEl-SEI formed in LiFSI-3DME-3TTE is more conformal to reduce 

Si anode fracture, with different SEI inner and outer layer components compared to CarEl-SEIs.   

We further explore the synergy of the SEI formation and the Si fracture for different electrolytes. It 

should be noted that the lithiation/delithiation induced fracturing on an amorphous silicon thin film anode 

is different than that observed in a polycrystalline silicon particle due to smaller in-plane strains on the 

thin film Si anode. 38 Xia and coauthors showed that a critical film thickness of the Si thin film on copper 

substrate was estimated to be 100–200 nm, below which the tensile stress zone diminishes and fracture 
would be mitigated. 49 The a-Si thin film used in the current study has a thickness of 50 nm, lower than 

the critical value where fracture could be observed. However, the a-Si thin film anodes cycled in 
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carbonate based electrolytes at 1C rate and in LiFSI-3DME-3TTE at 2C rate clearly show Si fracturing 

after 110 cycles. Cheng and Verbrugge pointed out that the Li+ diffusion plays an essential role in crack 

initiation and formation on Si anodes. 50 Based on the insights of abovementioned studies and what has 

been observed (Figure 2 and Fig S8), we propose the following Si fracturing mechanism observed in the 

current study. 

 

The use of LiFSI-3DME-3TTE could not perfectly avoid Si fracturing, as evidenced by Fig S8 where 

cracks were observed for a-Si anode in early cycles, with smaller number of cracks benchmarked to the 

carbonate electrolytes. This may be explained by that the fluorine-rich inner SEI layer generated in LiFSI-

3DME-3TTE provides higher elastic moduli, 39, 51 assisting in the fracture mitigation at an early 

galvanostatic cycling stage. At this stage, the organic SEI layer has not been sufficiently developed as 

island SEI structure could be observed on the a-Si surface (Fig S8 bottom). As cycling prolongs, a more 

conformal organic SEI layer rich in PEO forms on the a-Si. The existence of such a conformal outer SEI 

layer facilities the homogeneous ion transport on a-Si surface, thereby mitigating the Si fracturing. 

Notably, the layered SEI structure has been reported on a similar study. 39 In construct, due to the 

inhomogeneous SEI formation in carbonate electrolyte, Li+ transport on the anode surface turns to be 

heterogeneous, thereby leading to the heterogeneous lithiation of the a-Si and diffusion-induced stress on 

the a-Si and the consequent Si fracturing. Such a statement is further evidenced by the C-rate effect 

shown in Fig S14. At the 2C rate, LiFSI-3DME-3TTE electrolyte is no longer capable of keeping the a-Si 

“crack-free”. This issue may be ascribed to the uneven current distribution and the consequent 

heterogeneous Li+ ion insertion to the a-Si anode, which is known to cause the uneven stress distribution 

in Si upon lithiation. 50 (See Supporting Information for the detailed discussion) Therefore, prevalent 

cracks can be observed for a-Si cycled in LiFSI-3DME-3TTE. It is thus advisable to explore the structure 

and conformability of the SEI and Si fracturing synergistically.  

In conclusion, this work demonstrates that the glyme-based electrolytes are promising to form a robust 

SEI layer on Si anode. More specifically, SEI formed on Si anode with LiFSI-3DME-3TTE, outperforms 

the SEI of its best carbonate electrolyte counterpart, GenF. The GlyEl-SEI exhibits a more conformal 

coating on Si, mitigating the fracture formation on Si anodes after extended cycling. The chemical 

structure of this GlyEl-SEI is intrinsically different from the SEIs formed in traditional carbonate-based 

electrolytes, as summarized in Scheme I. The enriched polyether in the outer GlyEl-SEI is elastic to 

endure the stress variation in repetitive lithium insertion and extraction process in the Si anode, thereby 

enabling a conformal SEI on Si. Such a conformal SEI layer benefits homogenous a homogenous 

lithiation/delithiation of Si, further alleviating a-Si thin film fracture. The inner GlyEl-SEI layer features a 

reduced amount of carbonate and silicide, and increased LiF, sulfite and SiOxFy. Such a beneficial SEI 

structure facilitates the improvement of the cell cycling performance and reducing the cell internal 

resistance and polarization. Although glyme has potential electrochemical stability issues vs. high voltage 

cathodes, modified glyme electrolytes using dual salts 52 or high concentrated electrolytes 20 have shown 

promising to address such issues. The findings in the current study identify promising alternative 
electrolyte chemistries for improved interfacial stabilization for next-generation high energy-density Si-

based LIBs. 
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