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Methylation enables the use of fluorine-free 
ether electrolytes in high-voltage lithium 
metal batteries

Ai-Min Li1, Oleg Borodin    2, Travis P. Pollard    2, Weiran Zhang1, Nan Zhang1, 
Sha Tan    3, Fu Chen    4, Chamithri Jayawardana5, Brett L. Lucht    5, 
Enyuan Hu    3, Xiao-Qing Yang    3 & Chunsheng Wang    1 

Lithium metal batteries represent a promising technology for 
next-generation energy storage, but they still suffer from poor cycle life due 
to lithium dendrite formation and cathode cracking. Fluorinated solvents 
can improve battery longevity by improving LiF content in the solid–
electrolyte interphase; however, the high cost and environmental concerns 
of fluorinated solvents limit battery viability. Here we designed a series of 
fluorine-free solvents through the methylation of 1,2-dimethoxyethane, 
which promotes inorganic LiF-rich interphase formation through anion 
reduction and achieves high oxidation stability. The anion-derived LiF 
interphases suppress lithium dendrite growth on the lithium anode and 
minimize cathode cracking under high-voltage operation. The Li+-solvent 
structure is investigated through in situ techniques and simulations to draw 
correlations between the interphase compositions and electrochemical 
performances. The methylation strategy provides an alternative pathway 
for electrolyte engineering towards high-voltage electrolytes while reducing 
dependence on expensive fluorinated solvents.

The energy density of lithium metal batteries (LMBs) is particularly 
attractive when paired with high-energy cathodes such as lithium 
nickel cobalt aluminium oxides (NCAs) due to the high specific capac-
ity (3,860 mAh g–1) and low electrochemical potential (–3.04 V versus 
the standard hydrogen electrode) of lithium metal anode1–3. However, 
transferring commercial carbonate electrolytes to LMBs yields a poor 
cycle life, arising from large lithium volume change (dendrite growth) 
and cathode cracking4,5. The mixed organic–inorganic solid–electrolyte 
interphase (SEI) and cathode electrolyte interphase (CEI) formed in 
these traditional electrolytes is lithiophilic. The ideal SEI/CEI should 
be lithiophobic with weak binding to both electrodes to reduce the 
stress induced by electrode volume changes, and the CEI should also 
be stable while operating under high voltages. Lithium fluoride (LiF) 

stands out due to its high lithiophobicity and anodic stability (>6.0 V 
versus Li/Li+)6; however, simultaneously tailoring LiF-rich SEI/CEI inter-
phases is a difficult task. Advances in tailoring SEIs have been made by 
promoting fluorinated anion reduction or using fluorinated solvents7. 
1,2-dimethoxyethane (DME) ether is a popular choice to suppress sol-
vent reduction; however, the α-H atoms of ether molecules are prone to 
attack by nucleophiles such as singlet oxygen or superoxide species8–10, 
resulting in low oxidation stability. The anodic stability of DME elec-
trolytes is markedly improved with lithium bis(fluorosulfonyl)imide 
(LiFSI)-based highly concentrated electrolytes (HCEs)11–14 or through 
the introduction of ‘inert’ fluorinated diluents (localized HCEs)15,16, 
enabling lithium coulombic efficiency (CE) to reach 99.5% (ref. 17). The 
anodic stability of the DME-based electrolytes can also be enhanced 
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which reduces the prevalence of organic components in the SEI, making 
it more lithiophobic, thus effectively suppressing Li dendrite growth.

Properties of methylated DME electrolytes
The oxidation stability of the solvents (DME, DEE, DPE, DBE and DEP) 
and their corresponding 2.0 M LiFSI electrolytes (except for DBE) were 
evaluated chemically in a highly oxidized environment and electro-
chemically facing high-voltage electrodes. The chemical oxidation of 
the neat solvents was examined by mixing the solvents with suspended 
KO2, and the compositions of the oxidized solutions were further 
evaluated through 1H-NMR spectroscopy (Supplementary Note 1 and 
Supplementary Figs. 2–9)25–27. The result showed that the removal of 
DME α-H atoms (at both the outer and inner positions) could effectively 
inhibit the oxidation process and protect the solvents from degrada-
tion, which is further validated through density functional theory (DFT) 
calculations with the increase in the nucleophilic attack reaction bar-
rier following the order of DME < DEP (CH2) ≈ DEE < DPE < DBE ≪ DEP 
(propyl CH3) (Supplementary Fig. 10)10,28. The electrochemical stabil-
ity of the solvents (DME, DEE, DPE and DEP) was also investigated in 
the 2.0 M LiFSI electrolytes at a high voltage of 4.2 V against both inac-
tive electrodes (Ti) by holding Li||Ti cells at 4.2 V for 24 h, and active 
electrodes (NCA) by charging/discharging Li||NCA cells between 4.2 V 
and 2.8 V for 20 cycles (see Supplementary Note 1 for details). Although 
the electrochemical oxidation mechanism of the electrolytes in Li||NCA 
cells is different from the chemical degradation of the neat solvents in 
the presence of KO2, the same trends were observed with solvent deg-
radation signals decreased in the order of DME < DEE < DPE < DEP 
electrolytes (Supplementary Fig. 8).

The methylation of DME α-H atoms results in more resistance to 
oxidation for the formulated 2.0 M LiFSI electrolytes, and the bulky 
methyl groups also bring a huge steric effect that largely reduces the 
solvation energy, altering the physical and electrochemical properties 
of the corresponding electrolytes (Supplementary Table 3). The elec-
trochemical oxidation stability of the four electrolytes (2.0 M LiFSI in 
DME, DEE, DPE and DEP) was evaluated using linear sweep voltammetry 
(LSV) in the Li||Al half cells. As expected, the DME electrolytes showed 
the worst oxidation stability with a large current increase starting at 
4.1 V (Fig. 2a, black line). The oxidation stability of DEE electrolytes 
slightly improves to 4.6 V (Fig. 2a, blue line). Remarkably, considerable 
high-voltage tolerance was observed for DPE and DEP electrolytes with 
the onset oxidation voltages pushed up to ~5.3 V (Fig. 2a, green and 

by using fluorinated analogues18,19, enabling an identical lithium CE of 
99.5%, and Li||NMC811 full cells to reach 270 cycles19. Although fluorina-
tion of ether solvents increases the molecular oxidation potential, it 
also reduces electrolyte ionic conductivity and cost, posing environ-
mental challenges20,21. Alternative strategies using non-fluorinated 
functional groups22–24 (which confer enhanced anodic stability while 
overcoming the limitations of HCEs), localized HCEs and fluorinated 
solvents are desirable for the long cycle performance of LMBs.

Herein we evaluated a series of solvents by selective methylation 
of DME α-H atoms (Fig. 1) to tune the molecule’s solvation capability, 
ionic transport, Li+ desolvation rate and electrochemical stability. The 
single-salt, single-solvent 2.0 M LiFSI/1,2-diethoxypropane (DEP) elec-
trolytes enable a lithium plating/stripping CE of ~99.7%. When paired 
with high-voltage NCA cathodes, the electrolytes achieve a high cycle 
CE of 99.8% with 80% capacity retention over 600 cycles. Furthermore, 
100 mAh Li||NCA (4.0 mAh cm−2, N/P = 1) pouch cells with 5 g AhE

−1 lean 
electrolytes achieve 95% capacity retention after 150 cycles. Finally, the 
2.0 M LiFSI/DEP electrolytes enable a record-breaking 250 cycles for 
anode-free Cu||NCA (4.0 mAh cm−2, N/P = 0) coin cells (Supplementary 
Tables 1 and 2). The proposed methylation scheme provides a design 
strategy for LMBs that stabilizes both lithium metal anode and NCA 
cathode without sacrificing ionic conductivity, increasing cost or 
imposing environmental concerns.

Results and discussion
Design of methylated DME electrolytes
In this work we showed that the methylation of DME α-H atoms to form 
1,2-diethoxyethane (DEE) and 1,2-dipropoxyethane (DPE) increases the 
spatial effects of the solvents coordinating Li+, resulting in increased 
ionic aggregation that promotes the formation of anion-derived LiF-rich 
SEI and simultaneously enhances the anodic stability of the electrolytes 
(Fig. 1); however, the increase in the steric effects also reduces salt solu-
bility in these solvents (for example, excluding di-tert-butoxyethane 
(DBE) for electrolyte formulation), reducing the ionic conductivity 
(Supplementary Fig. 1). To balance the anti-oxidation capability and 
ionic conductivity, we selectively methylated one inner and two outer 
DME α-H atoms to form 1,2-diethoxypropane (DEP), which promotes 
LiF-rich SEI while preserving high ionic conductivity and high voltage 
stability in the LiFSI/DEP electrolytes. The substitution of the terminal 
α-H by methyl groups rather than fluorine functions also enhances 
molecular oxidation stability without increasing its reduction potential, 
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Reduce outer α-H, enhance oxidation potential; increase steric effect, limit solubility 

Reduce both outer and inner α-H
Tune solvation structure (high Li CE)
Increase oxidation potential (anodic stability)

Enhanced oxidation
Limited lithium CE improvement (similar solvation shell)
Steric effect largely influence solubility

Poor lithium CE
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Fig. 1 | Methylation design on DME molecules to enhance the electrochemical 
performance when formulating electrolytes with LiFSI salt. The horizontal 
magenta flow indicates the stepwise replacement of outer α-H atoms on DME 
molecules, which will enhance the molecular oxidation stability with increased 

steric effects. The salt solubility will also be reduced due to the large spatial 
hindrance. The methylation of two outer and one inner DME α-H atoms shown 
in the vertical cyan flow leads to aggregated solvations that result in high Li 
efficiency and improved anodic stability.
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magenta lines), indicating their compatibility with NCA cathodes. The 
ionic conductivity decreases in the order of DME > DEE > DPE > DEP 
as a result of the progressively weaker Li+–solvent interactions as 

the solvent donor number decreases from 20 (DME) to 19.3 (DEE) to 
18.7 (DPE) to 18.3 (DEP), leading to a lower degree of ion uncorrelated 
motion (ionicity) due to a stronger ion association (Supplementary 
Figs. 11 and 12). Yet the DEP electrolytes have sufficient ionic con-
ductivity of >1.5 mS cm−1 at room temperature (Fig. 2b) to support 
battery operation. The reduction behaviour of the electrolytes was 
also investigated using cyclic voltammetry in the Li||Cu half cells. As 
shown in Fig. 2c, the methylation of DME α-H atoms greatly decreased 
the reduction currents. The reduction current decreases with succes-
sive methylation of DME α-H atoms from DME, DEE and DPE to DEP 
electrolytes because the weak solvation increases contact ion pair 
(CIP) and aggregate (AGG) formation such as [FSI−–Li+–FSI−], which 
promotes LiF-rich SEI formation with reduced electrolyte degrada-
tion29. All four solvents (DME, DEE, DPE and DEP) showed very similar 
HOMO/LUMO energies and reduction/oxidation potentials for both 
neat solvents and Li+(solvent) solvates (Supplementary Note 2 and 
Supplementary Table 4). However, the products of C–O bond cleavage 
on cathodes after dehydrogenation are different for these solvents, 
with by-products of DME decomposition more likely to gas out (Sup-
plementary Figs. 13 and 14)28. Salt aggregation increases in the order of 
DME < DEE < DPE < DEP, which promotes the formation of [Li+

2(FSI−)] 
AGGs in DEP electrolytes. The decomposition of [Li+

2(FSI−)] AGGs will 
form LiF CEIs at the fully/nearly discharged cathode surfaces29, result-
ing in the lower anodic current density for electrolytes with DEP versus 
DME and DEE (Fig. 2a).

Solvation structure of methylated DME electrolytes
The solvation structure of the electrolytes was first investigated using 
Raman spectroscopy. The S–N–S stretching vibrations mode of the 
FSI− anion is observed in the 680–780 cm−1 frequency range and is 
sensitive to the chemical environment (Supplementary Fig. 15)30,31. 
The spectra were deconvoluted to peaks centred at ∼720 cm−1 (yellow 
line, solvent-separated ion pairs (SSIPs)), 731 cm−1 (green line, CIPs) 
and 739 cm−1 (magenta line, AGGs). The fraction of SSIPs decreases 
from 59.8% (DME), 45.3% (DEE) and 33.3% (DPE) to 13.9% (DEP), whereas 
the fraction of AGGs increases from 9.5% (DME), 11.1% (DEE) and 21.7% 
(DPE) to 58.6% (DEP). The fraction of CIPs follows the same trend as 
for the AGGs, demonstrating that the methylation of DME α-H atoms 
increases the number of AGGs and CIPs in the electrolytes, promoting 
the reduction of FSI− anions to form a LiF-rich SEI. To further investigate 
the correlations between the FSI−-anion environment and Raman spec-
tra, we performed DFT calculations on the isolated FSI− anion and various 
solvates extracted from molecular dynamics simulations (Supplemen-
tary Notes 3 and 4 and Supplementary Fig. 16) for the DEP electrolytes. 
Calculated Raman frequencies for the bidentate Li+/FSI− CIPs are mostly 
located in the 731–749 cm−1 region, partially overlapping with the fre-
quencies for AGGs at 741–755 cm−1 with a minor contribution at 733 cm−1, 
which is largely in line with CIP and AGG fits of the experimental data.

The multinuclear (7Li, 19F, 17O) NMR is very sensitive to the solva-
tion environment32–34. A downfield shift of the 7Li and 19F signals is 
observed as solvents change from DME, DEE and DPE to DEP (Sup-
plementary Fig. 17a,b)35. Density functional theory calculations pre-
dict the same trend for 7Li shifts as experiments (Supplementary 
Note 5 and Supplementary Fig. 18a) but indicate that changes in the 
Li+-solvate packing for SSIP are largely responsible for the observed 
trends. The cation−solvent/anion interactions can also be monitored 
using 17O-NMR because the LiFSI/ether electrolytes only have two 
groups of oxygen atoms: ethereal oxygen from the solvent and sul-
fonyl oxygen from the FSI− anion36. The ethereal oxygen shift of the 
four neat solvents are −21.7 ppm (DME), 7.7 ppm (DEE), 29.5 ppm (DPE) 
and 29.8 and 6.2 ppm (DEP), aligning with their coordination ability 
as reflected by their donor numbers (Supplementary Figs. 11 and 17c). 
Upon adding LiFSI salts, all ethereal oxygen signals get broadened and 
move upfield to different degrees, indicating different oxygen nuclei 
environments. Density functional theory calculations demonstrated 

C
ur

re
nt

 d
en

si
ty

 (µ
A 

cm
–2

)
C

ur
re

nt
 d

en
si

ty
 (µ

A 
cm

–2
)

12
a

c

2.0 M LiFSI-DME
2.0 M LiFSI-DEE
2.0 M LiFSI-DPE
2.0 M LiFSI-DEP

2.0 M LiFSI-DME
2.0 M LiFSI-DEE
2.0 M LiFSI-DPE
2.0 M LiFSI-DEP

10

8

6

4

2

0

–2
3 4 5

Potential (V versus Li/Li+)
6

b

σ 
(m

S 
cm

–1
)

MD, 333 K
MD, 298 K
Exp, 298 K
Exp, 298 K, ref. 11

10

1
DME DEE DPE DEP

Electrolyte solvent

0
–80

–60

–40

–20

0

20

0.5 1.0 1.5 2.0 2.5

Potential (V versus Li/Li+)

Fig. 2 | Electrochemical performance of 2.0 M LiFSI electrolytes using 
different solvents. a, LSV anodic scanning in the Li||Al half cells at a scan rate of 
0.5 mV s−1. b, Ionic conductivity measured at room temperature. The data are 
compared with molecular dynamic (MD) simulations as well as the reported 
value for 2.0 M LiFSI-DME (ref. 11). c, Cyclic voltammetry cathodic scanning in the 
Li||Cu half cells at a scan rate of 0.5 mV s−1. The first scan proceeds from the open 
circuit potential to 0 V versus Li/Li+ (solid lines), whereas the following scans are 
between 1.0 and 0 V versus Li/Li+ (dashed lines).
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a strong dependence of the ether oxygen shifts not only on the Li+ 
complexation but also on the solvent conformations (Supplementary 
Fig. 18b,c and Supplementary Table 5) indicating challenges with the 
interpretation of experimental trends. The sulfonyl oxygen signals37 
changed considerably: the 17O resonance centred at 170.9 ppm for 
DME electrolytes, followed by a decrease for DEE (169.3 ppm), and 
then gradually increased from DPE (170.2 ppm) to DEP (172.2 ppm) 
(Supplementary Fig. 19). The downfield shift in 17O-NMR correlates 
with the enrichment of CIPs/AGGs from DEE to DPE and DEP. Further-
more, 2D heteronuclear Overhauser enhancement spectroscopy 
(HOESY) was also employed to describe the short- (cation−solvent) 
and long-range (anion−solvent) interactions at the molecular level 
in a site-resolved manner38,39. The 2D {7Li−1H} HOESY spectra reveal 
that the cation–solvent interactions, and dipolar contacts between 
lithium cations and specific protons in the solvents can be identi-
fied (Supplementary Fig. 20). The increase in cross-peak intensities 
is attributable to the increasing number of {7Li−1H} spin pairs con-
tributing to the observed spectral intensity. The sum ratio between 
inner and outer hydrogen atoms (I/O) for DME, DEE, DPE and DEP is 
calculated to be 0.67, 1.33, 0.50 and 0.78, respectively (Supplemen-
tary Fig. 20). The inner and outer hydrogen atoms in DME shared a 
similar contour plot at I/O of 0.67 due to the rigid configuration of 
–CH3 (Supplementary Fig. 20a). The intensified overlapping signals 
of {1H(inner)–7Li} plotted in DEE correlated well with an I/O of 1.33, 
which corresponds to a higher inner hydrogen population versus 
the outer population (Supplementary Fig. 20b). The DPE and DEP 
also follow the I/O trend with an enlarged correlation for the outer 
hydrogen atoms (Supplementary Fig. 20c,d). A further pictorial 
view of the anion−solvent interactions is monitored through the 2D 
{19F−1H} HOESY spectra (Supplementary Fig. 21). The well-distributed 
FSI− anion in LiFSI/DME electrolytes leads to similar spatial interac-
tions between the inner and outer hydrogen atoms with the fluorine 
atoms (Supplementary Fig. 21a). The aggregates of FSI− anions with 
Li+ centres make the fluorine atoms in the AGGs cluster preferentially 
closer to the non-polar part of the solvents (outer hydrogen atoms), 
which can be reflected in the increased correlation intensity between 
the outer hydrogen atoms and the fluorine atoms from DEE, DPE to 
DEP electrolytes (Supplementary Fig. 21c,d). By the combination of 
2D {7Li−1H} and {19F−1H} HOESY experiments, the increasing proxim-
ity of FSI− anion with Li+ centres was observed from DME, DEE, DPE 

to DEP electrolytes, providing strong evidence for the evolution of 
Li+−FSI− aggregates with the methylation design strategy.

Molecular dynamics simulations and X-ray diffraction further 
probed the electrolyte solvation structure (Supplementary Note 4, 
Fig. 3 and Supplementary Figs. 22–30). Molecular dynamics simula-
tions showed that Li+ is primarily coordinated by ether oxygen (EO) 
atoms and FSI− anion oxygen with coordination numbers shown in 
Fig. 3a. The Li+–EO coordination monotonically decreases, whereas 
Li+–O (FSI) increases in the solvent order of DME < DEE < DPE < DEP. 
The fraction of free Li+ cations (not coordinated to N(FSI) within 5.0 Å) 
is similar for DME and DEE electrolytes but drops appreciably for DPE 
and DEP electrolytes (Supplementary Fig. 25). The fraction of Li+ bound 
to two FSI− anions is very small for DME but increases in the order of 
DME < DEE < DPE < DEP. The fractions of free FSI−, as well as FSI− coordi-
nated to one, two and three Li+ cations (Fig. 3a), also indicate increased 
aggregation and decreased population of free FSI− ions from DME to 
DEE to DPE and DEP, which is in excellent agreement with the Raman 
analysis (Supplementary Fig. 15). Figure 3c shows a progressively larger 
cluster formation as solvent changes in the order of DME, DEE, DPE and 
DEP. Finally, the structure factor of DEP/LiFSI electrolytes predicted 
from molecular dynamics simulations is in excellent agreement with 
X-ray data (Fig. 3d), indicating the ability of the force field to repro-
duce the solvation structure in DEP electrolytes. The high consistency 
between molecular dynamics simulations, Raman and 1D/2D NMR 
spectra verify our electrolyte design principle: steric effects from 
progressive methylation allow more FSI− anions to participate in the 
first solvation shell around Li+ cations. The effect is especially great with 
the methylation of inner ethylene glycol hydrogen atoms, producing 
the AGG-rich solvation structure that is beneficial for the long cycle 
performance of LMBs (Fig. 3e–h).

Lithium plating/stripping in the investigated electrolytes
The electrolyte design principles are further verified experimen-
tally by high Li plating/stripping CE measured using Li||Cu half cells.  
As shown in Fig. 4a, under complete plating/stripping conditions at a 
current density of 0.5 mA cm−2 and capacity of 1.0 mAh cm−2, the initial 
Li CE improved from 69.12% (DME), 73.83% (DEE) and 83.84% (DPE) to 
95.33% in DEP electrolytes. Cycle-to-cycle efficiencies in the DME elec-
trolytes were notably variable, reaching an average cycle efficiency of 
only 98.09% in 100 cycles. By contrast, DEE, DPE and DEP electrolytes 
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reached higher average cycle efficiencies of 98.69%, 98.76% and 99.53% 
at 180, 180 and 400 cycles, respectively (Fig. 4a), demonstrating the 
superior cycling stability of DEP electrolytes with a low overpoten-
tial (Fig. 4b). Furthermore, the Aurbach method test, which better 
evaluates the efficiency of Li cycling on a preserved Li substrate40, also 
validated the benefits of DEP electrolyte design by showing a substan-
tially improved average cycle efficiency (99.68%) compared with the 
reference electrolytes of DME (98.32%), DEE (98.66%) and DPE (98.88%) 
(Fig. 4c). The high average cycle efficiency of 99.68% is one of the high-
est among state-of-the-art electrolytes41, verifying the efficacy of DEP 
electrolyte design principle (Supplementary Table 2).

The morphology of plated Li in Li||NCA (2.0 mAh cm−2, N/P = 2) full 
cells after 50 cycles at a current of 0.3 C and voltage range of 2.8–4.3 V 
in different electrolytes was characterized using a scanning electron 
microscope (SEM). The deposited Li in DME electrolytes showed high 
porosity with a large surface area (Fig. 5a), resulting in a low Li CE 
below 99%, which is consistent with reported results11. The porosity 
was reduced after methylation of DME α-H atoms (Fig. 5b,c), Li cycled 
with DEP electrolytes showed densely packed, flat and large grains 
(Fig. 5d). A flat and even distribution of Li is beneficial to achieve a high 
Li CE and long cycle life of LMBs16,42,43. The cross-sectional SEM views 
of the Li anode confirmed Li density variations after cycling in the four 
electrolytes. Lithium thickness decreased from 112 µm (DME), 93 µm 

(DEE) and 91 µm (DPE) to 43 µm (DEP) (Fig. 5). The porous Li struc-
ture is formed by Li dendrite growth and results in dead Li formation. 
Due to the strong bonding of organic-rich SEI to Li metal anodes, the 
organic-rich SEI will be broken during Li stripping and reformed dur-
ing Li plating, which reduces Li CE and further increases Li porosity. In 
contrast, the LiF-rich inorganic SEI with high lithiophobicity will sup-
press Li dendrite growth, and maintain its stability during Li stripping 
due to the weak bonding of LiF-SEI to Li, which increases Li efficiency 
and deposited Li density, as demonstrated by the ~43 µm thin Li in DEP 
electrolytes after 50 cycles (Fig. 5d).

X-ray photoelectron spectroscopy (XPS) with argon sputtering was 
used to examine the SEI compositions on the cycled Li (Supplementary 
Figs. 31–36). The SEI in the DME and DEE electrolytes had high C 1s inten-
sity (~8%) on the SEI surface, and the organic component increased to 
14% after 1 min sputtering depth (Supplementary Fig. 31a,b). However, 
the SEI in DPE and DEP electrolytes showed lower C 1s intensity (~4%) 
on the surface, which slightly decreased during the sputtering (Sup-
plementary Fig. 31c,d). This result indicates that there is less solvent 
decomposition on the Li metal surface in DPE and DEP compared 
with DME and DEE electrolytes. Moreover, the C–C/C–H and C–O/
C=O species decrease following the trend of DME, DEE, DPE and DEP 
(Supplementary Fig. 32), which validates the enhanced inorganic SEI 
in DEP electrolytes from anion reduction. There is also evidence of the 
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Fig. 4 | Lithium plating/stripping in methylated DME/LiFSI electrolytes.  
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measurement of Li metal CE with different electrolytes.

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-024-01497-x

anion-derived inorganic SEI in the O 1s and S 2p spectra (Supplementary 
Figs. 33 and 34). The continuous increase of Sn

x- and Li2O species fol-
lowing the trend of DME, DEE, DPE and DEP indicates that FSI− anion 
was preferentially reduced to form the inorganic LiF-Li2S-Li2O SEI. The 

reduction of FSI− anion results in lithiophobic inorganic-rich SEI, which 
effectively suppresses Li dendrite growth and increases Li efficiency 
(Figs. 4 and 5). Furthermore, the inorganic SEI is thin and also has low 
resistance, which enhances the rate performance of the batteries44,45.

a b

c d

20 um 20 um

20 um20 um

5 um 5 um

5 um5 um

112 um 93 um

91 um 43 um

Fig. 5 | Scanning electron microscope images illustrating lithium metal 
morphology after 50 cycles in Li||NCA cells with the investigated electrolytes. 
a–d, DME (a), DEE (b), DPE (c) and DEP (d). The left and centre images show the 

Li morphology at different resolutions, whereas the right images display the 
cross-sectional views, with the yellow dashed lines marking the evolution of the 
electrode thickness.
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Performance of Li||NCA, Li-free Cu||NCA coin and pouch cells
We investigated the electrochemical performance of Li||NCA cells with 
three different N/P ratios (N/P = 2, 1, 0, where Li-free Cu||NCA cells 
have a N/P ratio of 0). The DEP electrolytes enabled 4.3 V Li||NCA cells 
(2.0 mAh cm−2, N/P = 2) to achieve ~80% capacity retention after 600 
cycles at 0.3 C under a depth of discharge of 100% (Fig. 6a, magenta 
line, and Supplementary Fig. 37a). However, the DME, DEE and DPE 
electrolytes can only maintain a capacity of 54%, 63% and 43% at 105, 
190 and 450 cycles, respectively (Fig. 6a, black, blue and orange lines, 
and Supplementary Fig. 37b–d). The fast capacity decay in DME, DEE 
and DPE electrolytes correlates with the low Li plating/stripping CE 
(Fig. 4) and venerable oxidation stability (Fig. 2a) among the electro-
lytes. The anodic stability of DME electrolytes is limited to 4.1 V and 
showed the worst cell stability. The slightly improved anodic stabil-
ity of the DEE solvent extended the cycle life to 190 cycles, whereas 
the high oxidation stability (>5.0 V) of the DPE and DEP electrolytes, 
and high Li CE (DPE, 98.88%; DEP, 99.68%) improved the cyclability of 
Li||NCA cells to 450 and 600 cycles, respectively. The high anodic sta-
bility and LiF-rich SEI of DEP electrolytes ensure Li||NCA cells achieve a 
long cycle life of 600 and a high CE of 99.8%. Furthermore, the Li||NCA 
cells were disassembled at the discharge state after the long cycles 
(105, 190, 450 and 600 cycles for DME, DEE, DPE and DEP electrolytes, 
respectively) to investigate the Li morphology. Scanning electron 
microscopy images showed that the Li morphology differences 
were further developed compared with the post-mortem analysis at  
50 cycles (Fig. 5 and Supplementary Fig. 38). The Li thickness increased 
to 176 µm (DME), 137 µm (DEE), 115 µm (DPE) and 61 µm (DEP) after the 
long cycles. Porous and dendritic lithium was observed with DME and 
DEE electrolytes, correlating to the easy shortage of the long-cycled 
cells (Fig. 6a and Supplementary Fig. 38a,b). Lithium chunks in DPE 
electrolytes are found embedded with porous Li fibres, reflecting 
the low Li CE with organic–inorganic SEI (Fig. 4 and Supplementary 
Fig. 38c). In contrast, the densely packed Li in DEP electrolytes after 
600 cycles demonstrates the effectiveness of LiF-SEI in preventing Li 
dendrite growth and a smooth Li deposition (Supplementary Fig. 38d). 
Moreover, the electrochemical performance of Li-free Cu||NCA full 
cells with a high areal capacity of 4.0 mAh cm−2 was also evaluated 
under lean electrolyte conditions (E/C ratio ≈ 5 g AhE

−1) (Fig. 6b and 
Supplementary Fig. 39). The anode-free cells with DEP electrolytes 
can stably cycle for over 250 cycles with a high capacity retention of 
>61.7%, which is the record performance in all reported anode-free 
cells (Supplementary Table 1). Moreover, single-layer 100 mAh Li||NCA 
pouch cells with an areal capacity of 4.0 mAh cm−2 and a low N/P ratio of 
~1 were also assembled and evaluated between 2.8 V and 4.3 V at 0.3 C. 
As shown in Fig. 6c,d, the high-energy Li||NCA pouch cells under lean 
DEP electrolytes conditions (E/C ratio ≈ 5 g AhE

−1) showed a superior 
cycle performance with >95% capacity retention after 150 cycles with 
negligible voltage polarization (Supplementary Fig. 40).

Conclusion
Compared with carbonate electrolytes, ether-based electrolytes exhibit 
better stability at Li metal anodes; however, the low anodic stability 
of ether molecules hinders their application in high-voltage LMBs. 
Through selective methylation of DME α-H atoms, we were able to simul-
taneously increase the Li plating/stripping CE to >99.7% and improve 
the electrolyte anodic stability up to 5 V. The aggregate-dominated sol-
vation of 2.0 M LiFSI-DEP electrolytes was demonstrated through in situ 
Raman, 1D multinuclear and 2D heteronuclear NMR spectroscopy, 
and molecular dynamics simulations. DEP electrolytes demonstrated 
excellent cycle performance for 4.3 V Li||NCA (2.0 mAh cm−2, N/P = 2) 
full cells (600 cycles with CE of 99.8%), 100 mAh Li||NCA (4.0 mAh cm−2, 
N/P = 1) pouch cells (95% capacity retention after 150 cycles), and Li-free 
Cu||NCA (4.0 mAh cm−2, N/P = 0) full cells to achieve a record cycle life 
of 250. The methylation of DME α-H atoms provides an alternative 
pathway for electrolyte engineering towards high-voltage electrolytes 

with ether-based solvents while reducing dependence on expensive 
fluorinated solvents.

Online content
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Methods
Materials and electrolytes preparation
LiFSI (>99.99%) salt was purchased from Gotion Company.  
DME (reagent grade >99%) and DEE (98%) were purchased from 
Sigma-Aldrich, and dried over activated molecular sieves (4 Å, 
Sigma-Aldrich) before use. The DEP, DBE and DEP solvents were 
synthesized through three different reaction routes (please refer to 
Supplementary Figs. 41–46 for synthetic details and characteriza-
tions). Saft America kindly provided the LiNi0.8Co0.15Al0.05O2 (NCA) 
cathodes coated on aluminium foil with areal loadings of 2.0 and 
4.0 mAh cm−2. The ultrathin Li foil with a controlled thickness of 
20 µm was purchased from MTI Corp. The 2.0 M LiFSI electrolyte 
solutions were prepared by dissolving 2.0 mmol LiFSI salt in 1.0 ml 
corresponding dried solvents under a moisture-free inert environ-
ment in an argon-filled glovebox at 25 °C. Homogeneous and clear 
solutions were obtained by careful hand-shaking of the vials. The 
prepared electrolytes were filtered through 0.5 µm PTFE syringe 
filters before usage.

Characterization
NMR spectra (1H–, 13C–, 19F–, 17O–, 7Li–) were recorded at 25 °C  
on Bruker 400 MHz high-resolution spectrometers with D2O or  
C6D6 as deuterated solvents. Two-dimensional HOESY experiments 
(7Li−1H, and 19F−1H) were performed on Bruker Avance III HD 400 MHz 
spectrometers equipped with a broadband fluorine observe 
probe. NMR data were processed using Bruker TopSpin software 
(v.4.1.4; https://www.bruker.com/en/products-and-solutions/mr/
nmr-software/topspin.html). The electrode morphologies were 
characterized using a Hitachi SU-70 field emission gun SEM or a JEOL 
2100 F field emission scanning transmission electron microscope. 
The Horiba Jobin Yvon Labram Aramis with a 532 nm diode-pumped 
solid-state laser was used for Raman data collection. X-ray pho-
toelectron spectroscopy data were collected with K-Alpha X-ray 
Photoelectron Spectrometer System (Thermo Scientific, aluminium 
Kα radiation, hν = 1486.68 eV) at the University of Rhode Island. The 
tested electrodes (Li on Cu foils or NCA cathodes, disassembled after 
cycling) were washed with the corresponding parent solvents for 
30 s to remove the remaining electrolytes and vacuum-dried before 
mounting the samples for testing. The samples were directly moved 
from the argon atmosphere to the XPS chamber with a vacuum trans-
fer container to avoid any exposure to the air. The depth profiling 
was conducted using an Ar+ ion gun with an ion energy of 200 eV. 
The etching procedure was carried out in a cycle of accumulated 
0, 60, 120, 180, 300 and 600 s. All data were referenced to the C 1s 
peak with a binding energy value of 284.8 eV. Peak fitting and rela-
tive atomic percentage estimation were performed with CasaXPS 
software (v.2.3.25)46, after the removal of a Shirley background and 
accounting for the relative sensitivity factors of Thermo Kα. The pair 
distribution function measurements were carried out at the 28-ID-2 
beamline of National Synchrotron Light Source II in Brookhaven 
National Laboratory using a photon wavelength of 0.1818 Å. The 
obtained data were integrated using Fit2D software (v.18)47. The pair 
distribution function and G(r) values were extracted using PDFgetX3 
(v.2.1.2) software48.

Electrochemical measurements
All of the battery parts used in this work are commercially avail-
able, and electrochemical tests were performed in a 2032-type 
coin-cell, aluminium-clad CR2032 coin-cell, or pouch-cell configu-
rations. All cells were fabricated in an argon-filled glovebox (O2 and 
H2O < 0.1 ppm) and one layer of Celgard 2325 separator was used. 
Linear sweep voltammetry and cyclic voltammetry with different 
voltage ranges were conducted on a CHI 600E electrochemical work-
station (CH Instruments). The anodic LSV tests were performed over 
the 3.0 to 6.0 V range in Li||Al cells at a scan rate of 0.5 mV S−1. All of 

the charge–discharge processes of Li||Cu, Li||NCA and Cu||NCA in 
the coin cells were tested using a Wuhan LAND Electronic Company 
CT2001A tester. Pouch-cell cycling was performed on an Arbin bat-
tery test station (BT2000, Arbin Instruments). For galvanostatic 
tests of NCA coin cells, NCA cathodes with a diameter of 12.7 mm 
(0.5 inch) were coupled with 20-µm-thickness lithium or pure cop-
per as the anode. The total amount of the electrolyte solution was 
controlled at 30 or 50 µl. All of the electrochemical measurements 
were conducted at room temperature (25 to 27 °C). Li+ transference 
number, and electrochemical impedance spectroscopy were tested 
on a Gamry 1000E electrochemical workstation. The electrochemical 
impedance spectroscopy measurements were taken over a frequency 
range of 1 MHz to 0.1 Hz.

Statistics and reproducibility
No statistical method was used to predetermine the sample size.

Data availability
We declare that the data supporting the findings of this study are 
available within the article and its Supplementary Information. An 
archive containing a final configuration from molecular dynam-
ics simulations, force field, simulation parameters and molecu-
lar dynamics code is provided. Source data are provided with this  
paper.
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