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Abstract 

Electrolytes using ether solvents show great advantages in building robust solid electrolyte 

interphases (SEIs), which play a pivotal role in stabilizing alloy anodes in Na-ion batteries. 

Herein, we deviate from the most widely adopted methyl glymes (represented by monoglyme) to 

enrich the ether-based electrolyte chemistry. Stable cycling of Sn microparticles is realized in 

two electrolytes derived from the linear ethylene glycol diethyl ether (ethyl glyme, EGDEE) and 

cyclic ether (tetrahydrofuran, THF). We reveal that the formation of thin yet strong SEIs 

accounts for ameliorated stability and excellent rate capability. The inorganic species in the as-

constructed SEIs have low crystallinity and are uniformly distributed among the organic matrix, 

rendering superb mechanical properties in accommodating the deformation upon sodiation, as 

confirmed by nano-indentation tests. This study opens the door to exploring large ether family 

besides the methyl glymes, and the unraveled mechanics/microstructure correlation of SEIs can 

help screen the potential candidates. 

This document is the Accepted Manuscript version of a Published Work that appeared in final form in https://pubs.acs.org/journal/aaemcq, copyright © 
American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://
dx.doi.org/10.1021/acsaem.1c03774.

ACS Applied Energy Materials is available at https://pubs.acs.org/journal/aaemcq.

This is the Pre-Published Version.



 2 

KEYWORDS: solid electrolyte interphase; Sn anode; ether electrolyte; atomic force microscopy; 

Na-ion battery 

 

Introduction 

The past decade has witnessed the fast development of Na-ion batteries (NIBs).1-3 Thanks to the 

advantages in sustainability and cost, NIBs have been considered as attractive alternatives to Li-

ion batteries (LIBs) in large-scale energy storage.4-5 The great success in designing high-capacity 

cathodes such as layered oxides and polyanionic compounds promises the construction of high-

energy NIBs, provided equal prominent anodes are available.6-9 Currently, hard carbon materials 

are the most widely adopted anodes in NIBs.10-12 They deliver a typical capacity of 300 mAh g-1, 

which is much lower than the practical capacity of graphite anode in LIBs.13-14 Moreover, the 

hard carbon has a lower tap density due to the presence of nanopores, deteriorating the 

volumetric energy density of NIBs.15 To overcome the drawbacks of hard carbon, considerable 

efforts have been devoted to alloy anodes with superior theoretical capacities.16-17 Among them, 

Sn anodes are of particular interest because of the high theoretical capacity of 847 mAh g-1 and 

appropriate potential (~0.20 V vs. Na+/Na). Nevertheless, the applications of Sn anodes are 

afflicted by severe structural degradation due to the significant volume change (up to 420%) 

during the sodiation process.18 Nanostructure design has been extensively explored in Sn anodes 

by anchoring nanosized Sn particles to a variety of carbon hosts.19-26 Although significant 

improvement in the cyclic life has been observed, it also brings about other issues, such as large 

initial irreversible capacities and decreases in the density and capacity.27  
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Fortunately, recent progress suggests the microsized particles could be stabilized through 

interphasial engineering which is induced by electrolyte chemistry.28-32 Our previous work also 

achieves long-term cyclic stability of Sn microparticles in ether-based electrolytes, owing to the 

possible construction of robust solid electrolyte interphase (SEI).33 The electrolyte-mediated 

strategy has been generalized to other alloys anodes, such as Bi and Sb microparticles for 

improving cyclic stability without resorting to nanostructure design.34-38 The success of 

stabilization reckons on the formation of magic SEIs by utilizing ether solvents in the 

electrolytes.39-40 The oligomers arising from the reduction of ether solvents constitute the organic 

components in the SEI, which is supposed to possess excellent elasticity for accommodating the 

large deformation during the charge/discharge processes.41 The ideal SEI layer effectively 

encapsulates the alloy anodes and avoids the isolation of fractured particles to maintain structural 

integrity. Until now, most of the works focus on the ethylene glycol dimethyl ether solvent 

(DME, or monoglyme), which has a low viscosity for realizing high-rate performance.42-44 The 

application of DME-based electrolyte could be traced back to the 1970s when the first generation 

Li batteries was developed, but it was abandoned later due to oxidative decomposition on the 

cathode side and low boiling point.45 The obstacle could be partly resolved by increasing the 

chain length of the molecular by utilizing diglyme (diethylene glycol dimethyl ether) and 

triglyme (triethylene glycol dimethyl ether), albeit at the expense of ionic conductivity owing to 

the escalated viscosity.46-48  

However, there is a large group of candidates in the ether family. Exploring other ether 

solvents can open up new avenues in designing robust SEI for alloy anodes. Here, we report two 

new ether-based electrolytes rooted in the linear (ethylene glycol diethyl ether, EGDEE) and 

cyclic ether (tetrahydrofuran, THF). Both of them enable the stable cycling of microsized Sn 
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anodes in NIBs, which can maintain a high capacity of 647 and 766 mAh g-1 after 100 cycles 

under 0.2 A g-1 for EGDEE and THF-based electrolytes, respectively. The improved cyclic 

stability is closely related to the ultrathin (~3nm) but robust SEIs which have low crystallinity 

and high fluorine content. Furthermore, Young’s modulus and yield strain of the SEIs 

constructed in different electrolytes are examined to reveal the mechanical origin for the 

enhanced cycling performance. 

Experimental Section 

Preparation of Sn/SbSn electrodes and electrolytes 

Sn (Sigma-Aldrich, 10 μm, 99% trace metals basis) and Sb (Sigma-Aldrich, 100 mesh, 99.5%) 

powder were directly used without any purification. SbSn was synthesized by high-energy ball 

milling (HEBM, SPEX 8000M) method. The Sn and Sb powder with molar ratio of 1:1 (total 

about 2 g) was sealed in the HEBM tank (100 mL) under Ar atmosphere. The HEBM treatment 

was conducted for 2 hours in total with 10 min rest for every half hour. Sn or SbSn powder (70 

wt.%), super P (10 wt.%), carboxymethyl cellulose (CMC, 10 wt.%), and vapor grown carbon 

fiber (VGCF, 10 wt.%) were mixed by planetary ball milling (QM-3SP2 planetary ball mill) for 

1 hour with the weight ratio of total powder (500 mg) to stainless balls at 1:30. The ball milled 

powder and deionized (DI) water were mixed to uniform slurry by hand grinding and cast on the 

Cu foil. The conductive carbon electrodes are composed of super P or VGCF (90 wt.%) and 

CMC (10 wt.%). The tape was dried at 80 ˚C under vacuum and punched into electrodes with 12 

mm diameter, and the mass loading of the active material was about 1 mg cm-2. The neat Sn 

electrodes for atomic force microscopy (AFM) measurement were prepared by magnetron 

sputtering on Cu foil. The distance between the Sn target and Cu foil was 10 cm, and the time for 

sputtering was 5 min at 50 W. The sodium hexafluorophosphate (NaPF6) was purchased from 
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Kishida Chemical co., ltd, Japan and propylene carbonate (PC) was from DoDo Chem. 

Fluoroethylene carbonate (FEC), ethylene glycol diethyl ether (EGDEE) and tetrahydrofuran 

(THF) were provided by Macklin Inc. 1M NaPF6 in PC with 3 vol.% FEC (denote as 1M 

NaPF6/PC-FEC), 1M NaPF6 in EGDEE (denote as 1M NaPF6/EGDEE) and 1M NaPF6 in THF 

(denote as 1M NaPF6/THF) were adopted as electrolytes. 

Electrochemical performances measurement 

The batteries were assembled in Ar filled glove box (O2<0.1ppm, H2O<0.1ppm) using CR2032 

type batteries case. A piece of glass fibre (GF/D, Whatman) was used as the separator. Metallic 

sodium was used as a counter electrode with adding 70 uL of electrolyte per cell. The 

galvanostatic discharge-charge was tested on LAND battery testing system. The batteries were 

pre-cycled three times under 0.05 A g-1 to construct SEIs before long-term testing. The specific 

capacity is calculated based on the weight of Sn and the capacity contribution of super P and 

VGCF are removed from the total capacity. The capacities at increasing rates are collected on the 

fifth cycle. The cyclic voltammetry (CV) curves are performed on Solartron Analytical 1400 

electrochemical workstation at a scan rate of 0.05 mV s-1 between 0-1.0 V. The electrochemical 

impedance spectroscopy (EIS) was collected by Biologic SP150 electrochemical workstation 

between 100 kHz and 0.1 Hz with an amplitude of 5 mV. Linear sweep voltammetry (LSV) was 

performed on Biologic SP150 electrochemical workstation with high purity Al foil as working 

electrodes under scan rate of 5mV s-1. 

Sample characterizations 

The morphologies of Sn electrodes before and after cycling were investigated by scanning 

electron microscope (SEM, Tescan VEGA3). The nanostructures of the SEIs were examined by 

transmission electron microscopy (TEM, JEOL JEM-2100F) with an operating voltage of 200 
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kV. The fully discharged and charged samples were sealed in Rigaku in situ X-ray diffraction 

(XRD) batteries cell with a Be window to avoid the air exposure, and the XRD patterns were 

collected on X-ray Diffractometer (Rigaku SmartLab, 9kW). The chemical compositions of the 

SEIs were studied by X-ray photoelectron spectroscopy (XPS, Thermo Scientific Nexsa) using a 

vacuum transfer holder to avoid exposure to the air. 

AFM measurements 

The mechanical properties of the SEIs were conducted on the Bruker Dimension Icon AFM in 

an Ar filled glovebox. The neat Sn electrodes were pre-cycled two times to build SEIs. They are 

disassembled in the glovebox and washed with the corresponding solvent. ACTA-20 

(APPNANO) was used as a probe for AFM testing. The spring constant of the probe was 

calculated as 20.0 N m-1 by the Sedar method. The deflection sensitivity was calibrated on a 

sapphire sample. The tip radius R (26.2 nm) was measured on the Polycarbonate sample with 

Young’s modulus known as 2.4 GPa. Peak Force Quantitative Nanoscale Mechanical 

Characterization mode was adopted for the two-step test at the same position. Firstly, a small 

force of 30 nN was applied to trigger the elastic deformation of SEIs. A large force (up to 900 

nN) is used to intentionally break the SEI for measuring the yield strain. Detailed analysis 

method of AFM data could be found in the previous report.49 Briefly, the maximum elastic 

deformation energy (U) is used to determine the mechanical stability, which is calculated as 

follows: 

U =
8

15
(

4

5
π)

5

∙ 𝑟3 ∙ (1 − ν2)4 ∙ 𝐸 ∙ (𝜀Y)5      (Equation 1) 

where r is the radius of the rigid indenter (assumed as 1 μm), the ν is the SEI Poisson’s ratio, 

and a typical value of 0.3 is used, E and 𝜀Y are corrected Young’s modulus and yield strain by 

eliminating the substrate's interference. 
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Results and discussion 

We deviate from the classic DME groups to explore novel ether electrolyte chemistry. The 

linear ether EGDEE and cyclic ether THF are first adopted for designing SEIs in NIBs. As 

illustrated in Scheme 1, EGDEE resembles the structure of DME by replacing the terminal 

methyl group with the ethyl group. Such a modification dramatically improves the boiling point 

from 85 oC to 121 oC to benefit battery safety. Differing from the linear EGDEE, the THF is a 

cyclic ether for offering an opportunity in the cyclic structured solvent, similar to ethylene 

carbonate (EC) in ester electrolyte that is indispensable in commercial electrolyte formulation, 

although the high vapour pressure would be a problem in practical application. The 

electrochemical stability of sodium electrolytes with ether solvents are investigated by linear 

sweep voltammetry (LSV) using high purity Al foil as a cathode (Figure S1). The DME-based 

electrolyte shows more severe electrolyte decomposition than the EGDEE and THF ones when 

the voltage reaches 4.5V in the first scan (Figure S1a). In the following scans, the oxidation 

voltages of EGDEE and THF-based electrolytes can be estimated at 4.75 V thanks to the 

formation of cathode electrolyte interphases (CEIs), which are much chemically stable than 

DME counterparts (Figure S1b and c). 

 

Scheme 1 Chemical structures of DME, EGDEE and THF ethers and the SEI design. 
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The electrochemical performances of microsized Sn electrodes (~1.02 um, Figure S2) 

adopting conventional carbonate-based electrolytes (1M NaPF6/PC-FEC) and ether-based 

electrolytes (1M NaPF6/EGDEE and 1M NaPF6/THF) are compared in Figure 1. High initial 

Coulombic efficiencies (ICEs) of 83.5%, 83.3% and 85.5% are achieved for these three 

electrolytes, which are ascribed to the large particles of Sn electrodes that can dramatically 

reduce the active interfaces with the electrolyte. As widely observed previously, FEC additive is 

ineffective to protect the microsized Sn particles, it shows rapid capacity degradation in the 5th 

cycle (Figure 1a) with 1M NaPF6/PC-FEC electrolyte.50-51 In sharp contrast, the Sn electrodes 

exhibit significantly improved stability in EGDEE and THF-based electrolytes. Figure 1b and c 

present discharge-charge curves of the 1st and 5th cycles under 0.05 A g-1 in 1M NaPF6/EGDEE 

and NaPF6/THF, showing a high initial reversible capacity of 734 and 760 mAh g-1 respectively. 

The capacity contribution of super P and VGCF are evaluated and removed from the total 

capacity, which display low capacities of about 100 and 20 mAh g-1, respectively (Figure S3 

and S4). The clear plateaus indicate the multi-step Na alloying mechanisms. In cyclic 

voltammetry (CV) measurements (Figure S5), take Sn electrode in 1M NaPF6/EGDEE (Figure 

S5b) as an example, four peaks located at 0.37, 0.19, 0.12, and 0.007 V in the cathodic scan are 

observed, corresponding respectively to the formation of NaxSn (x<1), NaSn, Na9Sn4, and 

Na15Sn4 phases.33 As to the anodic scans, four peaks at 0.24, 0.28, 0.55, and 0.67 V are matched 

with their de-alloying processes. The ex situ X-ray diffraction (XRD) patterns (Figure S6) of Sn 

electrodes discharged to 0 V confirm the Na-rich phases of Na9Sn4 and Na15Sn4, in agreement 

with the alloying of around 3.4 Na ion per Sn as inferred from the reversible capacity. The co-

existence of Na9Sn4 may be originated from the incomplete sodiation reactions of the bulk Sn 

microparticles. Nearly pure Sn phase is detected upon charging, suggesting the highly reversible 
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alloying/de-alloying processes for microsized Sn electrodes in NIBs. Moreover, the phase 

transformation pathways are not altered with the electrolytes. 

 

Figure 1 The selected galvanostatic discharge-charge profiles of Sn electrodes in a) 1M 

NaPF6/PC-FEC, b) 1M NaPF6/EGDEE and c) 1M NaPF6/THF electrolytes under 0.05 A g-1. d) 

the fitted resistances values of Sn electrodes after cycling three times; e) cycling performance 

under 0.2 A g-1; SEM images of Sn electrodes in: f) 1M NaPF6/PC-FEC; g) 1M NaPF6/EGDEE 

and h) 1M NaPF6/THF after 100 cycles. 

The electrochemical impedance spectroscopy spectra (EIS) of the electrodes after constructing 

SEIs through pre-cycling three times are examined (Figure S7). The equivalent circuited fitted 

results indicate that both the SEIs (RSEI) and charge transfer (Rct) resistances are much lower in 
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EGDEE and THF electrolytes than in PC-FEC counterparts (Figure 1d). More importantly, Sn 

electrodes show stable cyclic performances with approximately 90% and 100% capacity 

retention after 100 cycles in 1M NaPF6/EGDEE and 1M NaPF6/THF electrolytes under 0.2 A g-1 

(Figure 1e). The high average CEs over 99.3% in ether-based electrolytes indicate negligible 

parasitic reactions between the electrodes and the electrolytes after several initial cycles. In 

comparison, the CE continuously decreases to 84.6% and capacity fast decays to 0 in 1M 

NaPF6/PC-FEC electrolyte, suggesting that the bulk materials constantly break and produce new 

SEI during the cyclic measurements. Such deterioration could not be alleviated by decreasing the 

current density: similar degradation is found when cycled at a low rate of 0.05 A g-1 (Figure S8). 

To investigate the surface morphologies of Sn electrodes with the three electrolytes after long-

term cycling, the scanning electron microscope (SEM) is performed. Obvious crakes are 

observed in the electrodes cycled under all three electrolytes due possibly to repeated 

expansion/contraction (Figure S9) and escaping of the solvents. Thick SEI layers that wrap the 

Sn particles could be discerned for the electrode tested in 1M NaPF6/PC-FEC, as reflected by the 

apparent boundary between SEI and Sn particles (Figure 1f). The observation indicates the 

copious electrolyte decomposition that results in continuous SEI growth, which agrees well with 

the low CE. In contrast to it, the surface of active particles after cycling in EGDEE and THF-

based electrolytes is smooth and uniform under the resolution of SEM (Figure 1g and h), due 

potentially to the formation of thin and conformal SEI layer as will be confirmed by the high-

resolution transmission microscopy (HRTEM). Besides, the thickness changes of the electrodes 

with EGDEE-based electrolyte are also investigated to understand the electrochemical stability. 

As shown in Figure S10, a periodic expansion and contraction of the electrodes are observed for 

the first two cycles. Although it shows significant thickness increase during sodiated states, it can 
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be well recuperated at fully desodiated states, suggesting the good affordability of the electrodes 

to withstand volume change in ether-based electrolytes. The rate performances are evaluated in 

Figure 2. The Sn electrodes exhibit superior rate capabilities, delivering considerable capacities 

of 712.3/737.9, 641.7/670.1, 570.4/604.3, 476.8/536.3, 396.7/450.6 and 412.4/384.8 mAh g-1 for 

EGDEE and THF-based electrolytes with current density increases from 0.05 to 1 A g-1. 

Moreover, high reversible capacities of 385.5 and 523.1 mAh g-1 with the capacity retention of 

95.5 and 100% are maintained under 1A g-1 over 200 cycles with 1M NaPF6/EGDEE and 1M 

NaPF6/THF electrolytes (Figure S11), respectively, demonstrating the enhanced stabilities and 

fast kinetics of Sn microparticles with these two ether-based electrolytes. 

 

Figure 2 Rate performance of Sn electrodes in a) 1M NaPF6/EGDEE and b) 1M NaPF6/THF. 

The above results demonstrate the essential roles of SEIs in stabilizing microsized Sn anodes. 

The nanostructures of SEIs in the three electrolytes are examined by TEM to investigate the 
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underlying mechanism. It is found that the Sn particles after three cycles are not fully broken to 

small pieces but still maintain the microsized morphologies (Figure S12). Specifically, in 1M 

NaPF6/PC-FEC electrolyte, a heterogeneous SEI with a thickness of about 25.2 nm is formed 

(Figure 3a and b). Some tiny crystals are present in the SEI, and their lattice structure is 

analyzed by the HRTEM (Figure 3c). One pair of crossed lattices of 2.6 Å and 1.6 Å can be 

assigned to Na2CO3 species on the (11-2) and (-422) planes (COD#9009418), respectively. The 

d-spacing of 2.3 Å might be the (002) plane of NaF (PDF#73-1922). Turning to the SEI in 1M 

NaPF6/EGDEE electrolyte (Figure 3e-g), it exhibits ultrathin (about 2.4 nm) and amorphous 

morphologies without showing any crystalline particles. The SEI established in 1M NaPF6/THF 

shows similar nanostructures to that in 1M NaPF6/EGDEE, where thin (about 2.4 nm) and 

amorphous SEI uniformly adheres to the Sn particles (Figure 3i-k). Due to the chelation 

behaviour of cation and linear ether molecules, the EGDEE-based electrolyte is more stable 

against reduction than THF counterpart, which may lead to the thinner SEI in former electrolyte; 

while the carbonate solvents which are less resistant against the electrochemical reductions than 

the ether solvents are inclined to generate thicker SEI.52-53 Moreover, the thin SEI layer is 

ascribed to the effective suppression of continuous electrolyte decomposition, which can avoid 

the over-growth of interphases and lead to the small thickness.39 Meanwhile, the thin SEI 

restricts the crystallization of the inorganic species, resulting in amorphous morphologies.54-55 

Besides, Figure 3g and k show the Sn lattices with high crystallinity after cycling, indicating 

NaxSn recovers to Sn upon charging, which supports the ex situ XRD results. The nanostructures 

of SEIs in both linear and cyclic ether-based electrolytes differ significantly from the one in 

classic carbonate electrolyte, as illustrated by Figure 3d, h and l. In general, the SEI could be 

treated as a composite with the inorganic species distributed among the organic matrixes. The 
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relatively large inorganic particles with high crystallinity are presented in the SEI with carbonate 

electrolyte, which may deteriorate the mechanical resilience. Furthermore, the thick SEI is 

detrimental to the Na ion transfer and undermines the rate capability.  

 

Figure 3 TEM/HRTEM images and SEI illustrations of Sn electrodes after three cycles in a-d) 

1M NaPF6/PC-FEC, e-h) 1M NaPF6/EGDEE and i-l) NaPF6/THF electrolytes. 

To analyze the chemical compositions of the distinct SEIs constructed in the three electrolytes, 

X-ray photoelectron spectroscopy (XPS) measurements are conducted for the Sn electrodes after 

cycling three times. Similar species are detected in the three SEIs but with massive differences in 

the relative amounts due to the possible different decomposition paths of these three electrolytes 

(Equation S1-S10). In C1s spectra of all the electrolytes (Figure 4a), the deconvoluted peaks 
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located at 284.5, 285.4, 286.1, and 287.4 eV can be assigned to organic carbonates of C-C/C-H, 

C-O, O-C-O, and C=O species, which are mainly originated from the decomposition of PC, FEC, 

EGDEE and THF.56-57 In particular, the Na2CO3 species is defined at 289.5 eV.58 As for the O1s 

spectra presented in Figure 4b, the peaks at 532.3 and 533.3 eV can be ascribed to the organic 

ingredients of O-C=O and C-O, consistent with that in C1s spectra.59 Additionally, Na-O 

bonding at 531.5 eV is derived from the sodium alkyl carbonates (R-OCO2Na), Na2CO3 or Na2O 

species.60 We also examine the detailed F1s spectra considering the pivotal roles of F-related 

species.61-62 Two pronounced peaks of Na-F (684.9 eV) and P-F (687.7 eV) bonding (Figure 4c) 

correspond respectively to the salt decomposition products of NaF and NaxPFy or NaxPOyF.63 To 

compare the degree of electrolyte decomposition in carbonate and ether-based electrolytes, the 

atomic concentration in the survey spectrum is plotted in Figure S13, where the contents of 

inorganic Na2CO3, Na-O, and Na-F species are quantified according to the peak area in the C, O, 

and F spectra. Although C-O, C=O and Na-O species from CMC binder may also present, 

Na2CO3 and Na-O components are enriched in carbonate electrolyte-derived SEI (Figure S13a 

and b), which agrees with the TEM observations. Among these two ether-based electrolytes, 

higher Na2CO3 and Na-O species are observed for THF-based electrolyte, for the ring structure 

of the cyclic ether solvent molecules are vulnerable to be decomposed during the cycling. 

However, much higher Na-F species could be found under ether-based SEI compared to the 

carbonate counterpart (Figure S13c). The fluorinated SEI is reported to possess enhanced ionic 

conductivity and excellent mechanical and electrochemical stability for maintaining the 

structural integrity.62, 64  
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Figure 4 XPS measurements of a) C1s, b) O1s and c) F1s for cycled Sn electrodes in 

corresponding electrolytes. 

The disclosed SEI nanostructure has a significant impact on the electrochemical performance 

of Sn micro-particles. It is speculated that the ether-derived SEIs hold great advantages in 

accommodating the deformation, but direct evidence lacks. We employed atomic force 

microscopy (AFM) to probe the mechanical properties of SEIs formed in different electrolytes. 

To exclude the potential interferences from the binder and conductive carbon, neat Sn electrodes 

are prepared by magnetron sputtering. Similarly, the neat Sn electrodes are pre-cycled in the 

three electrolytes to build SEIs for AFM tests, which show identical voltages profiles as 

observed for the conventional electrode (Figure S14). The surface flatness of the electrodes is 

investigated by AFM topography measurements (Figure S15). Compared with the pristine 

electrodes, the surface roughness (Ra) decreases after cycling in ether-based electrolytes while 
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increases in PC-FEC electrolyte, suggesting the severe electrode deterioration in the latter (Table 

S1). A two-step AFM test is conducted to explore the elastic and plastic deformation behaviour 

of SEIs (Figure 5a inset). To increase the accuracy, the tests are conducted in at least 80 

different positions to calculate the average value. Figure 5a presents the typical force curves at 

the same point obtained from the first and second steps of AFM test, respectively. Young’s 

modulus (E) is calculated from the first test that is conducted in the elastic deformation region, 

while the yield strain (ɛY) of SEIs is determined in the second test where a large force is applied 

to break the SEI deliberately. The results show that the SEI formed in 1M NaPF6/PC-FEC has a 

high average E of 280.5 MPa, compared to 244.7 MPa and 183.4 MPa for the ones constructed 

in EGDEE and THF-derived electrolytes, respectively (Figure 5b). This observation is ascribed 

to the better crystallinity and high contents of inorganic species in the SEI built with 1M 

NaPF6/PC-FEC electrolyte. The high crystalline inorganic particles would have much higher 

Young’s modulus than the amorphous components.65 Nevertheless, the SEI in ether-based 

electrolytes shows excellent elasticity, evidenced by the large ɛY of 0.38 and 0.41 for the ones 

formed respectively in 1M NaPF6/EGDEE and 1M NaPF6/THF, compared to 0.32 for the SEI in 

carbonate electrolyte (Figure 5b). Both high values of E and ɛY are beneficial to the mechanical 

stability of SEI subject to expansion. The recent study suggests the maximum elastic deformation 

energy (U ∝ E·ɛY
5, Equation 1) reveals the combining effects of E and ɛY in resisting the 

structure deformation.49 The U distribution and the average value are given in Figure 5c. The U 

value is 56.3 and 72.0 pJ for the SEIs in EGDEE and THF-based electrolytes, respectively, 

outperforming the 35.8 pJ for the one in NaPF6/PC-FEC. The results indicate that, although 

having a small thickness, the SEIs in the two ether-based electrolytes have better mechanical 
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stability. Such a stable SEI can effectively prevent excessive electrolyte reduction and 

encapsulate the active particles, thus benefiting the cyclic stability of microsized Sn electrodes. 

 

Figure 5 Mechanical properties of SEIs. a) Characteristic force curves obtained from the AFM 

tests on magnetron sputtered Sn electrodes (inset: the illustration of elastic and plastic 

deformation for the 1st and 2nd tests.); b) average Young’s modulus and yield strain ɛY and c) U 

for SEIs formed in the three electrolytes. Sample size = 108, 91 and 87 for 1M NaPF6/PC-FEC, 

1M NaPF6/EGDEE and 1M NaPF6/THF, respectively. 

Lastly, the construction of SEI can be readily generalized to stabilizing other Sn-based alloy 

anodes. The SbSn phase is synthesized by high-energy ball milling of commercial Sn and Sb 

powder. The XRD of the synthesized SbSn is presented in Figure S16a, agreeing well with the 

SbSn standard pattern (PDF#33-0118). The SbSn sample has an average particle size of 2.05 um 

(Figure S16b). The electrochemical performances of SbSn electrodes are tested between 0-1.5 V 
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in 1M NaPF6/EGDEE and 1M NaPF6/THF electrolytes. As shown in Figure S17, high ICEs of 

83.9% and 83.7% are realized in 1M NaPF6/EGDEE and 1M NaPF6/THF, respectively, owing to 

restricted SEI formation on the SbSn microparticles with low surface area. The long-term cyclic 

performances are evaluated under 0.2 A g-1. High capacities of 582.3 and 507.6 mAh g-1 are 

maintained after 100 cycles in EGDEE and THF-based electrolytes. The observations confirm 

the critical roles of SEI in stabilizing microsized alloy anodes and the advantages of EGDEE and 

THF solvents in building robust SEI. The reasons for the enhanced electrochemical 

performances of the Sn-based alloy anodes are closed correlated to the unique SEIs. The ultra-

thin SEI layers have low resistances, which are favourable to the Na ion transfer and facilitate 

the rate capabilities. The abundant Na-F components in the SEIs can enhance ionic conductivity 

and electrochemical stability of the SEI and thus keep the solidity of the electrodes. The SEIs 

with large maximum elastic deformation energy can accommodate the large volume expansions 

without pulverization during sodidation process, therefore, the long-term high capacities of the 

electrodes can be maintained. 

Conclusions 

We develop two novel electrolytes based on linear and cyclic ether, which enable the stable 

cycling of Sn electrodes consisting of microsized particles. The Sn electrodes show a reversible 

capacity of 647 and 766 mAh g-1 after 100 cycles in 1M NaPF6/EGDEE and 1M NaPF6/THF 

electrolytes. The enhanced electrochemical performance lies in the construction of a 

mechanically strong SEI. AFM tests prove the SEIs in the two ether electrolytes have higher 

maximum elastic deformation energy (U) than the counterpart in 1M NaPF6/PC-FEC, offering 

superb capability in accommodating the large deformation during sodiation. To explore the 

microstructural origin of the enhanced stability, we unravel the unique nanostructure of SEIs by 



 19 

HRTEM and XPS. It shows that, compared to the SEI in carbonate electrolytes, the ones derived 

in both EGDEE and THF electrolytes have smaller thickness with poorer crystallinity of 

inorganic species that are distributed in the organic matrix. Although such a structure diminishes 

Young’s modulus of the SEI, it significantly heightens the yield strain for obtaining high U 

values. The results presented here indicate the great opportunity in building robust SEIs through 

ether solvent, which contains a large family of candidates besides widely adopted methyl glyme 

groups. The disclosed microstructure-mechanical stability correlation would benefit the 

screening of potential ether candidates and the rational design of SEI for stabilizing alloys 

anodes. 
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