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The development of practical lithium metal cells is plagued by their limited 
lifespan, primarily due to the poor interfacial stability of the electrolytes. 
Here we present a compact ion-pair aggregate (CIPA) electrolyte that 
enables high-performance Li metal pouch cells under lean electrolyte 
conditions. The electrolyte features a unique nanometre-scale solvation 
structure in which ion pairs are densely packed to form large CIPAs, in 
contrast to conventional electrolytes that comprise small aggregates. 
Notably, the CIPAs facilitate fast interfacial reduction kinetics on the  
Li metal anode via a collective electron-transfer process, leading to the 
formation of a stable interface. A 505.9 Wh kg−1 Li metal pouch cell with 
a high-nickel-content cathode (LiNi0.905Co0.06Mn0.035O2) exhibited a 91% 
energy retention after 130 cycles. This work demonstrates nanostructured 
electrolyte design for realizing high-performance Li metal batteries.  
It also showcases the importance of understanding interfacial reaction 
mechanisms in the design and development of electrolytes.

Lithium metal batteries (LMBs) are receiving intense interest because 
of their high energy densities (>500 Wh kg−1)1. However, their commer-
cialization is impeded by their limited lifespan under lean electrolyte 
conditions (electrolyte mass/cell capacity (E/C) ratio < 3 g Ah−1)2. Elec-
trolyte design plays an essential role in improving LMB lifespan by tun-
ing the compositions and structures of the solid–electrolyte interphase 
(SEI) and cathode–electrolyte interphase3–6. For high-voltage LMBs 
with a transition metal oxide cathode, designing a highly compatible 
electrolyte remains a formidable challenge because both the anode 
and cathode operate at extreme voltages with high interfacial reac-
tivity (−3.04 and >1.25 V versus the standard hydrogen electrode for 
the anode and cathode, respectively). Although excellent interfacial 
stability of the anode or cathode can be achieved in certain electrolytes, 

this often compromises the stability of the counterpart. For instance, a 
carbonate electrolyte has been demonstrated to achieve high cathode 
Coulombic efficiencies (CEs) of up to >99.99%, but it is typically unsta-
ble with the Li metal anode7,8, whereas an ether electrolyte composed 
of 1 M lithium bis(fluorosulfonyl)imide–1,3-dioxolane + 4 wt% LiNO3 
exhibits a high anode CE of 99.7%, but its poor oxidative stability ren-
ders it incompatible with high-voltage cathodes9. Despite substantial 
progress in the development of electrolytes for LMBs, such as high 
concentration electrolytes10,11, liquefied gas electrolytes12–14 and weakly 
solvating electrolytes5,15, further improvements in both anode and 
cathode interfaces are highly demanded.

Recently, localized high-concentration electrolytes (LHCEs) 
have emerged as promising candidates for stabilizing both anode 
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(93%) and average CE (99.91%; Supplementary Fig. 7), along with a stable 
average voltage (Supplementary Fig. 8). These results indicate that the 
CIPA electrolyte improves the interfacial stability of the highly active 
Li metal anode and high-voltage cathode, rendering Li metal pouch 
cells with remarkable performance under lean electrolyte conditions.

The performances of high-voltage Li metal pouch cells in terms 
of energy density and cycle number/time reported in the recent lit-
erature8,15,25–45 and those of our CIPA-based pouch cells are presented 
in Fig. 1d, Supplementary Fig. 9 and Supplementary Table 3. Nota-
bly, a trade-off between energy density and cycle number is clearly 
demonstrated in Fig. 1d. The cycle number of lithium metal pouch 
cells is significantly compromised by a high energy density. Previous 
studies showed that few Li metal pouch cells with an energy density 
of 500 Wh kg−1 maintained a stable performance beyond 50 cycles. In 
contrast, the Li metal pouch cell with the CIPA electrolyte achieved up 
to 130 cycles during long-term cycling with 100% depth of discharge, 
which is considerably higher than the previously reported highest 
value. Furthermore, the correlation between cycle number and E/C 
ratio in Li metal pouch cells exhibits a comparable trend (Supplemen-
tary Fig. 10). Lean electrolyte conditions (lower E/C ratio) significantly 
accelerate the electrolyte depletion process, leading to rapid cell deg-
radation and short cycling lifespans. Remarkably, Li metal pouch cells 
with the CIPA electrolyte could achieve over 300 stable cycles, even 
when operating under ultra-lean electrolyte conditions with an E/C 
ratio as low as 1.25 g Ah−1 (Supplementary Fig. 10), thereby marking a 
state-of-the-art advance.

Interfacial characterization and analysis
To investigate the underlying mechanism responsible for the discrep-
ancies in pouch cell performance, we evaluated the electrolytes in 
coin-type cells and conducted thorough characterizations of both 
the Li metal anode and high-voltage cathode. Notably, Li||Cu coin cells 
with the CIPA electrolyte achieved approximately twofold longer cycle 
life (400 cycles) and a higher average CE than those with the LHCE-G3 
electrolyte (Fig. 2a,b and Supplementary Fig. 11). In addition, a high 
average CE of 99.5% was achieved with the CIPA electrolyte in further 
electrochemical test (Supplementary Fig. 12), indicating the formation 
of a highly stable anode interface. Furthermore, Li||LiNi0.8Co0.1Mn0.1O2 
(NCM811) cells with the CIPA electrolyte delivered a high capacity reten-
tion of 99.4% over 300 cycles (Supplementary Fig. 13) with a remark-
able average CE of 99.99%. The excellent interfacial stability of both 
the anode and cathode effectively mitigates the electrolyte depletion 
caused by parasitic reactions, underlying the outstanding performance 
of the LMBs under ultra-lean electrolyte conditions. Supplementary 
Fig. 14 shows comparable rate capability for both the CIPA and LHCE-G3 
electrolytes.

To investigate the stability of the solvent on the high-voltage cath-
ode side, the cross-section morphology and interfacial phase transition 
of the NCM811 electrode were characterized after long-term cycling 
in LiFSI–EGBE and LiFSI–G3 electrolytes. Focused ion beam scanning 
electron microscopy (FIB-SEM) characterization showed that the struc-
tural integrity of the NCM811 electrode in the LiFSI–EGBE electrolyte 
was maintained without evident cracks after 200 cycles (Fig. 2c and 
Supplementary Fig. 15). In contrast, intergranular cracks (marked 
by arrows) inside the secondary particles were clearly observed in 
the electrode cycled in the LiFSI–G3 electrolyte (Fig. 2d). Meanwhile, 
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) revealed that the LiFSI–EGBE electrolyte sub-
stantially suppressed the interfacial phase transition, presenting a 
thin (~2.2 nm) phase-transition layer on the surface of the NCM811 
particles (Fig. 2c). In sharp contrast, for the NCM811 electrode cycled 
in the LiFSI–G3 electrolyte, a significantly thicker phase-transition 
layer of up to 10.0 nm was observed (Fig. 2d). Gas chromatography–
mass spectrometry (GC–MS) and inductively coupled plasma mass 
spectrometry (ICP-MS) further corroborated the greater stability 

and cathode interfaces in high-voltage LMBs16–18. Subsequent advances 
in the electrolyte design, such as solvent optimization19,20 and diluent 
selection21,22, have further verified the capability of LHCEs to enable 
stable high-voltage LMBs. Nevertheless, a comprehensive mechanis-
tic understanding of LHCEs, particularly regarding their solvation 
structure, remains elusive, hindering further improvement. Research 
interest has predominantly focused on the first solvation sheath, while 
the features of extended-scale structures remain largely unknown23,24. 
Furthermore, their interfacial reaction mechanisms are less explored, 
despite their pivotal role in bridging the knowledge gap between SEI 
composition/structure and solvation structure.

Here we report a compact ion-pair aggregate (CIPA) electrolyte 
designed to stabilize both the anode and high-voltage cathode inter-
faces, enabling the stable cycling of 500 Wh kg−1 Li metal pouch cells. 
The solvation structures and interfacial reaction mechanisms of the 
CIPA electrolyte and conventional LHCEs are illustrated in Fig. 1a. The 
CIPA electrolyte consists of large aggregates (AGGs; 3–4 nm in size) 
at the mesoscopic scale, where ion pairs are densely packed together, 
leading to short Li+–Li+ distances of ~6 Å. In contrast, conventional 
LHCEs typically contain small AGGs (~1 nm in size) with large Li+–Li+ 
distances of ~8 Å. Notably, the CIPA electrolyte undergoes a unique 
interfacial reaction mechanism via a collective reduction process, 
forming a stable SEI with a high inorganic content and a small average 
thickness of ~6.2 nm. Additionally, the CIPA electrolyte effectively 
stabilizes the cathode material by suppressing irreversible interfacial 
change. Consequently, the CIPA electrolyte enables the stable cycling 
of 505.9 Wh kg−1 Li metal pouch cells over 130 cycles.

Evaluation of electrolyte in Li metal pouch cells
We first evaluated the CIPA electrolyte and conventional LHCEs in 
500 Wh kg−1 Li metal pouch cells with a LiNi0.905Co0.06Mn0.035O2 (Ni90) 
cathode under lean electrolyte conditions (E/C ≈ 1.25 g Ah−1; Fig. 1b). The 
energy density was calculated on the basis of the total weight of the cell, 
including packaging (see Fig. 1c and Supplementary Table 1 for details 
of the cell parameters). The CIPA electrolyte was prepared by dissolving 
2 M lithium bis(fluorosulfonyl)imide (LiFSI) in a 1:1 mixture (by volume) 
of ethylene glycol di-n-butyl ether (EGBE) and 1,1,2,2-tetrafluoroethyl 
2,2,3,3-tetrafluoropropyl ether (TTE). Conventional LHCEs were pre-
pared using LiFSI, TTE and 1,2-dimethoxyethane (DME) or triethylene 
glycol dimethyl ether (G3), denoted LHCE-DME and LHCE-G3, respec-
tively, for comparison. Supplementary Figs. 1 and 2 show that all three 
electrolytes have comparable viscosity (9–20 mPa·s) and maintain a 
liquid state over a wide temperature range (−20 to 80 °C).

Figure 1b shows the long-term cycling performance of Li metal 
pouch cells prepared with the different electrolytes at a charge/dis-
charge rate of 0.1 C/0.1 C. The pouch cells with the LHCE-DME and 
LHCE-G3 electrolytes exhibited a rapid loss of capacity and failure 
after 56 and 77 cycles, respectively. Notably, the LHCE-DME electrolyte 
caused severe swelling of the cell during long-term cycling, leading to 
serious safety concerns (Supplementary Fig. 3). In sharp contrast, the 
cell with the CIPA electrolyte achieved a cycle life of 130 cycles (~2,750 h) 
with a high energy retention of 91%, twice that of the cells with the con-
ventional LHCEs. Moreover, the average CE with the CIPA electrolyte 
reached 99.94% over the 130 cycles (Supplementary Fig. 4), greater than 
that of the LHCE-DME and LHCE-G3 electrolytes (99.53% and 99.55%, 
respectively). We further evaluated the CIPA electrolyte at an increased 
charge cut-off voltage up to 4.4 V. As shown in Supplementary Fig. 5, the 
pouch cell with a high cut-off voltage delivered a higher energy density 
of 520.3 Wh kg−1 with a high energy retention of 95% after 100 cycles. We 
also evaluated pouch cells with a lower energy density (423.7 Wh kg−1; 
the cell parameters are shown in Supplementary Table 2) at a higher 
discharge rate (0.1 C/0.5 C). The pouch cell with the CIPA electrolyte 
achieved a long lifespan of 300 cycles (Supplementary Fig. 6), three 
times higher than that with the LHCE-G3 electrolyte (<100 cycles). 
Remarkably, the CIPA electrolyte exhibited a high capacity retention 
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Fig. 1 | Features of the CIPA electrolyte and evaluation of Li metal pouch 
cells. a, Schematics of the solvation structures and interfacial reaction 
mechanisms of the CIPA electrolyte and conventional LHCEs. b, Long-term 
cycling performance of >500 Wh kg−1 Li metal pouch cells at a voltage of 

3.0–4.3 V and a charge/discharge rate of 0.1 C/0.1 C. c, Parameters of the 
505.9 Wh kg−1 Li metal pouch cell. N/P, negative-to-positive areal capacity.  
d, Energy densities and cycle numbers (at a capacity retention of 90%) of  
Li metal pouch cells reported in this work and in the literature8,15,25–45.
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of the NCM811 cathode in the CIPA electrolyte compared with in the 
LHCE-G3 electrolyte. The CIPA electrolyte mitigated the dissolution 
of transition metals from the NCM811 cathode and exhibited better 
oxidative stability with an appreciably decreased production of CO2 
at the cathode interface (Supplementary Figs. 16 and 17). These find-
ings show that the high-voltage NCM811 cathode material has superior 
stability in the EGBE solvent.

To thoroughly investigate the stability of the electrolyte on the 
Li metal anode side, the morphology of Li plating was studied by 
SEM at an areal capacity of 3 mAh cm−2. The top-view images show 
that the CIPA electrolyte leads to a dendrite-free and planar Li mor-
phology (Fig. 2e), while the LHCE-G3 electrolyte triggers dendritic 
Li growth (Fig. 2f). The cross-section-view images show that the 
plated Li formed a dense deposition layer with a thickness of 17.8 μm 
in the CIPA electrolyte (Fig. 2e), mitigating parasitic reactions and 
the generation of dead Li on the Li metal anode. In contrast, in the 
LHCE-G3 electrolyte, a much thicker Li deposition layer was observed 
(25.0 μm) with a more porous structure and a rougher morphology 
(Fig. 2f). The Li plating showed the same trend in terms of deposition 
morphology and layer thickness at the higher capacity of 5 mAh cm−2 
(Supplementary Figs. 18 and 19).

To understand the underlying reasons for the different deposi-
tion behaviours, we used cryogenic transmission electron micros-
copy (cryo-TEM) combined with advanced surface characterization 

techniques to thoroughly characterize the composition and structure 
of the SEIs formed in the two electrolytes. Cryo-TEM revealed that the 
SEI formed by the CIPA electrolyte on the Li metal surface was thin 
and conformal, with an average thickness of ~6.2 nm (Fig. 3a and Sup-
plementary Figs. 20–24). In contrast, the average thickness of the SEI 
formed in the LHCE-G3 electrolyte was ~10.9 nm (Fig. 3b and Supplemen-
tary Figs. 25–28), substantially larger than that in the CIPA electrolyte. 
Notably, Li2O nanocrystalline domains were observed embedded in the 
SEIs formed in both electrolytes. Importantly, the Li2O nanocrystalline 
domains formed in the CIPA electrolyte were of a more uniform size and 
with a more homogeneous distribution compared with those formed 
in the SEI of the LHCE-G3 electrolyte. The homogeneity of the SEI struc-
ture plays an essential role in suppressing the dendritic Li growth and 
improving the reversibility of the Li metal anode.

X-ray photoelectron spectroscopy (XPS) characterization with 
depth profiling was performed to further explore the compositional 
structure of the SEIs. Supplementary Fig. 29 shows the composition 
of the outer surface of the SEIs before sputtering with argon cluster 
ions. The CIPA electrolyte formed a SEI composed of inorganic com-
pounds, including LiF, Li2O and Li2CO3, as well as organic C–C and C–O 
species. A smaller LiF peak was observed for the LHCE-G3 electrolyte, 
suggesting a decreased reduction of FSI− anions. A stronger LiF signal 
was also observed in the CIPA electrolyte after sputtering (Fig. 3c and 
Supplementary Fig. 30).
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HAADF-STEM characterization of the interfaces of the NCM811 cathodes cycled 
in LiFSI–EGBE (c) and LiFSI–G3 (d) electrolytes. e,f, Top-view and cross-section-
view SEM images of the Li plating morphologies on Cu substrates in CIPA (e) and 
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of 3 mAh cm−2.
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We also used time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) to investigate the composition of the SEIs and their spatial 
distribution. We observed a weaker C− signal in the SEI derived from the 
CIPA electrolyte than in the SEI from the LHCE-G3 electrolyte, while the 
O− signal was stronger in the former (Fig. 3d and Supplementary Figs. 31 
and 32). Considering that the carbon comes entirely from the decompo-
sition of the solvent, these results indicate that solvent decomposition 
is more severe in the LHCE-G3 electrolyte than in the CIPA electrolyte.

TOF-SIMS three-dimensional mapping revealed that the SEI 
derived from the CIPA electrolyte shows a negligible C− signal from 
the bottom to the top across the whole SEI layer (Fig. 3e) and a uniform 
distribution of the S− signal in the inner part of the SEI. In contrast, 
C− species were clearly detected in the outer part of the SEI derived 
from the LHCE-G3 electrolyte and S− species concentrated in the inner 
part (Fig. 3f). The C− and S− signals are less homogeneously distrib-
uted in the SEI formed in the LHCE-G3 electrolyte. This suggests a 
non-uniform reduction behaviour of the LHCE-G3 electrolyte to form 

inhomogeneous SEIs, which might trigger localized Li deposition lead-
ing to the evolution and propagation of Li dendrite.

Insights into electrolyte solvation structures
To unravel the origin of the improved interfacial stability and outstand-
ing electrochemical performance of the cells prepared with the CIPA 
electrolyte, we comprehensively investigated the solvation structures 
of the CIPA and LHCE-G3 electrolytes. The mesoscopic solvation struc-
tures at the nanometre scale were first examined by molecular dynam-
ics (MD) simulations, focusing on the interactions between the ion 
pairs that dictate the formation of the AGGs (Fig. 4a,b). No solvents 
or diluents are shown in the MD snapshots to highlight the ion pairs. 
Figure 4a shows that the CIPA electrolyte consists of large (3–4 nm in the 
maximum dimension) and compact AGGs formed by densely packed 
ion pairs. We define these large compact AGGs as CIPAs. In sharp con-
trast, small AGGs (~1.2 nm) predominate in the LHCE-G3 electrolyte as a 
result of the tendency of most ion pairs to isolate (Fig. 4b). A statistical 
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analysis of the size of the AGGs (defined as the average number of atoms 
of all ion pairs in a discrete CIPA or AGG) in the CIPA and LHCE-G3 elec-
trolytes revealed that each CIPA consisted on average of 78 atoms, 
>3.5-fold higher than the number of atoms (~22 atoms) in each AGG 
in the LHCE-G3 electrolyte (Fig. 4c). The formation mechanism of the 
CIPAs was also probed. Detailed solvation structure analysis (Supple-
mentary Figs. 33 and 34) revealed that the CIPAs are uniquely formed 
through the coordination of multiple ion pairs, further corroborating 
the densely packed nature of ion pairs in the CIPA electrolyte.

The microscopic solvation structure of the CIPA electrolyte was 
also analysed by MD simulations. Figure 4d shows the Li+–Li+ radial 
distribution functions (RDFs, g(r)) of the CIPA and LHCE-G3 electro-
lytes. The RDF curve of the CIPA electrolyte exhibits a pronounced peak 
at 5.0–6.7 Å. However, the LHCE-G3 electrolyte shows no significant 
peak in this range. The peak at 5.0–6.7 Å arises from the coordination 
of ion pairs, the distance between two Li+ ions typically being 5–6 Å 
(Supplementary Fig. 35). This further demonstrates that a significant 
proportion of the ion pairs in the CIPA electrolyte are coordinated to 
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Fig. 4 | Meso- and microscopic solvation structures. a,b, MD snapshots of 
the AGG structures in the CIPA (a) and LHCE-G3 (b) electrolytes. c, Average 
number of atoms in discrete AGGs in the two electrolytes. d, Li+–Li+ RDFs (g(r)) 
in the two electrolytes, derived from MD simulations. r represents the distance 
between Li+ ions. e,f, Synchrotron-based WAXS intensity in the low-Q (e) and 

high-Q (f) regions for the two electrolytes. g, Structure factor functions S(Q) 
for the two electrolytes, derived from synchrotron-based high-energy X-ray 
scattering. Insets are provided to show an enlarged view between 1.0 Å⁻1 and 
2.0 Å⁻1 for clarity.
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each other, facilitating the formation of compact large CIPAs. Thus, 
the nanoscale structure and atom-to-atom analysis together provide a 
detailed description of the CIPAs featuring in the CIPA electrolyte. Note 
that the number of coordinated ion pairs tends to decrease when TTE 
is removed (Supplementary Fig. 36). Moreover, TTE can substantially 
reduce the viscosity of electrolytes and subsequently improve their 
ionic conductivity (Supplementary Fig. 37), as evidenced by the superior 

electrochemical performance of the CIPA electrolyte compared with its 
4 M LiFSI–EGBE counterpart (Supplementary Figs. 38 and 39).

To verify the results of the simulations, we conducted 
synchrotron-based X-ray scattering experiments, including wide-angle 
X-ray scattering (WAXS) and high-energy X-ray scattering. The meso-
scopic/microscopic structures in the CIPA and conventional LHCE 
electrolytes were investigated by WAXS with a beam energy of 10 keV. 
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Fig. 5 | Interfacial reaction mechanism. a,b, Kinetics and pathways of the 
reactions of the CIPA (a) and LHCE-G3 (b) electrolytes on the Li surface, derived 
from AIMD simulations. The timeline represents the time when electrolyte 
components and their derivatives undergo reduction in AIMD simulations.  
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Figure 4e shows the scattering intensity I(Q) in the low-Q region (0.125–
0.300 Å−1), derived from the scattering patterns of the two electro-
lytes (where Q is the wave vector, given by 4πsin(θ)/λ, where λ is the 
wavelength of the incident X-ray beam and θ is half of the scattering 
angle). For the CIPA electrolyte, a strong peak centred at Q = 0.22 Å−1 
can be observed (corresponding to 3.5 nm, according to the Ehrenfest 
equation Q · r = 2.46π, where r is the characteristic interatomic cor-
relation distance)46, suggesting the existence of large AGGs (~3.5 nm) 
in the CIPA electrolyte. In contrast, for the LHCE-G3 electrolyte, no 
peak is detected in the same region, indicating the absence of large 
AGGs, which is consistent with the simulations. Figure 4f shows the 
scattering intensity in the high-Q region, corresponding to short-range 
structural correlations. Three broad peaks can be observed between 
0.6 and 3 Å−1 in the curves of the CIPA and LHCE-G3 electrolytes. For the 
CIPA electrolyte, the first peak is centred at 0.61 Å−1, corresponding to 
r = 12.7 Å, while for the LHCE-G3 electrolyte, the first peak emerges at a 
higher Q value (centred at 1.08 Å−1). High-energy X-ray scattering with a 
beam energy of 88.6 keV was also conducted to further investigate the 
short-range structure in the electrolytes. Figure 4g shows the structure 
factor functions S(Q) of the CIPA and LHCE-G3 electrolytes. For both 
electrolytes, the first peaks lie in the Q range of 1.2–1.6 Å−1, correspond-
ing to r = 4.8–6.4 Å. Notably, the intensity of the CIPA electrolyte peak 
is appreciably higher than that of the LHCE-G3 electrolyte, indicating 
stronger interactions between ions in the range of 4.8–6.4 Å, agreeing 
well with the results of the simulations.

The coordination state and configuration of the solvents were 
studied by Raman spectroscopy in the range of 800–950 cm−1 (Supple-
mentary Fig. 40), where C–O bond vibrational peaks appear (centred at 
~850 and 905 cm−1), corresponding to the gauche and trans configura-
tions, respectively, of the O–C–C–O segment in ether solvents47. For the 
CIPA electrolyte, a blueshift of only the trans peaks (905 to 920 cm−1) 
was observed after adding LiFSI to the EGBE–TTE solution (1:1, v/v). 
This indicates that EGBE typically coordinates to the Li+ ions in a trans 
configuration, with each EGBE contributing one O atom (Supplemen-
tary Figs. 40 and 41). Such a solvent configuration can promote the 
formation of coordinated ion pairs and large-sized CIPAs. In contrast, 
for the LHCE-G3 electrolyte, the gauche peaks were blueshifted dras-
tically (850 to 870 cm−1) after adding LiFSI (Supplementary Fig. 40), 
revealing that the Li+ ions coordinate to G3 primarily in the gauche 
configuration. The gauche-chelating configuration decreases the 
number of O atoms in the anions that can bind to Li+ ions, suppressing 
the formation of CIPAs. The coordination state of the FSI− anions in 
the first Li+ solvation sheath was also studied by Raman spectroscopy, 
analysing the S–N–S stretching mode of the FSI− anions (Supplemen-
tary Fig. 42). In the CIPA electrolyte, this band was entirely responsible 
for the AGG peak centred at ~745 cm−1. This indicates that each anion 
is coordinated to more than two Li+ ions, underlying the formation 
of CIPAs. The different solvation structures of the two electrolytes 
were also identified by 1H and 7Li NMR spectroscopy (Supplementary 
Figs. 43 and 44). The anion-rich first solvation sheath was quantified 
using the Li+–O RDFs from MD simulations (Supplementary Figs. 45 
and 46 and Supplementary Table 4). The RDFs show that the first sol-
vation sheath of the CIPA electrolyte is dominated by anions with on 
average 2.56 O atoms, more than the O atoms contributed by EGBE 
(1.63). Such an anion-rich first solvation sheath could be beneficial 
for the prior reduction of FSI− anions at the Li interface, forming the 
stable inorganic-rich SEI to rapidly terminate parasitic reactions and 
suppress solvent reduction. The projected electronic density of state 
(pDOS) profiles show that the conduction band of the anion in the CIPA 
electrolyte is lower than that of the solvents (Supplementary Figs. 47 
and 48), suggesting preferential anion reduction.

Interfacial reaction mechanism
To understand the role of the CIPA electrolyte in SEI formation, we 
analysed the mechanisms of the reactions of the CIPA and LHCE-G3 

electrolytes with Li metal through ab initio MD (AIMD) simulations over 
a timescale of 20 ps. Supplementary Fig. 49 shows representative MD 
snapshots. In the CIPA electrolyte, the preferential reduction of CIPAs 
was captured, while TTE did not react throughout the simulation. The 
reactions of the electrolyte components and their derivatives with 
the Li metal anode are shown in detail in Fig. 5. Notably, a group of 
FSI− anions in the CIPA electrolyte underwent rapid reduction starting 
at 0.00, 0.69, 1.02 and 3.20 ps (Fig. 5a). This indicates that the CIPA 
electrolyte promotes rapid reduction kinetics of its anions via a col-
lective electron-transfer mechanism, forming a SEI rich in inorganic 
compounds, including LiF and Li2O, consistent with the TOF-SIMS and 
XPS analyses. In contrast, in the LHCE-G3 electrolyte, FSI− did not react 
with Li during the simulation, while TTE underwent vigorous reduction 
(Fig. 5b). The different kinetic pathways for the decomposition of the 
CIPA and LHCE-G3 electrolytes eventually lead to the discrepancies in 
the SEI chemistry and structure discussed above. Importantly, the rapid 
collective reduction of the CIPA electrolyte effectively protects the Li 
metal through the rapid formation of a stable and thin SEI, substantially 
improving the battery performance.

Conclusions
We have designed and characterized a CIPA electrolyte to enable the sta-
ble cycling of 500 Wh kg−1 LMBs and understand its solvation structure 
and interfacial reaction mechanism. At the Li anode interface, multiple 
FSI− anions in the CIPA electrolyte are rapidly reduced to form large 
amounts of LiF and Li2O via a collective electron-transfer mechanism, 
forming a stable SEI with low organic content that effectively protects 
the Li metal anode from further side reactions. At the cathode inter-
face, the CIPA electrolyte significantly reduces irreversible electrode 
change. The simultaneous stabilization of both the anode and cathode 
interfaces effectively mitigates electrolyte depletion, enabling the 
stable cycling of a 505.9 Wh kg−1 Li metal pouch cell over 130 cycles 
and ~2,750 h. This work showcases the importance of understanding 
electrolyte solvation structure and interfacial reaction mechanisms 
for realizing high-performance LMBs.

Methods
Materials
LiFSI, DME and TTE were obtained from Gthrchem, EGBE from Aladdin, 
G3 from DoDoChem and hydrochloric acid solution from Sinopharm. 
EGBE, G3, DME and TTE were stored over 4 Å molecular sieves overnight 
before use, and LiFSI was dried at 80 °C in a vacuum chamber overnight. 
The NCM811 cathode material was obtained from Ningde Amperex 
Technology. All of the chemicals were stored in a glove box filled with 
argon gas (O2 < 1 ppm, H2O < 1 ppm). The LiFSI–EGBE, LiFSI–G3, CIPA, 
LHCE-G3 and LHCE-DME electrolytes were prepared by directly add-
ing 2 M LiFSI to EGBE, G3, EGBE–TTE (1:1, v/v), G3–TTE (1:1, v/v) and 
DME–TTE (1:1, v/v), respectively. The 4 M LiFSI–EGBE electrolyte was 
prepared by dissolving 4 M LiFSI in pure EGBE.

Electrochemical tests
All electrochemical tests, except for those on the Li metal pouch cells 
and GC–MS in situ cells, were conducted using 2032-type coin cells. 
The Li||Cu coin cells used to measure the CE of metallic Li plating/
stripping and for SEM characterization of the plated Li comprised Li 
foil (450 μm, cellithium) with a diameter of 14 mm as the counter and 
reference electrodes, a polyethylene (PE) separator (16 μm) and copper 
foil (25 μm; Kejing MTI) as the working electrode. The Li||Cu coin cells 
for cryo-TEM characterization comprised Li foil (450 μm) as the counter 
and reference electrodes, a PE separator (16 μm) and a lacey carbon grid 
as the working electrode. Each coin cell was filled with 50 μl electrolyte. 
Li||NCM811 coin cells comprised Li foil (450 μm) as the anode, a PE 
separator (16 μm) and an NCM811 cathode (~2.5 mAh cm−2, 1.13 cm2). 
All cells were assembled inside a glove box (O2 < 1 ppm, H2O < 1 ppm). 
To fabricate the NCM811 cathode used in the coin cells, a slurry was 
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prepared by mixing the NCM811 material, poly(vinylidene fluoride) 
(PVDF; Keiing MTI) and Super P (Keiing MTI) in a mass ratio of 85:7.5:7.5 
in N-methyl-2-pyrrolidone (NMP; Aladdin). The cathode slurry was 
then blade-coated onto carbon-coated aluminium foil (Kejing MTI) 
and dried at 80 °C overnight in a vacuum oven.

For the >500 Wh kg−1 Li metal pouch cells, Li foil (60 μm) was used 
as the anode and Ni90 as the cathode. To fabricate the Ni90 cath-
ode, a slurry was prepared by mixing the Ni90 material, PVDF and 
carbon black in a mass ratio of 97:1.5:1.5 in NMP. The slurry was then 
spray-coated onto carbon-coated aluminium foil and dried at 100 °C 
overnight in a vacuum oven.

For the 423.7 Wh kg−1 Li metal pouch cells, Li foil (30 μm on each 
side) affixed to copper mesh was used as the anode and NCM811 as the 
cathode. To fabricate the NCM811 cathode, a slurry was prepared by 
mixing the NCM811 material, PVDF and carbon black in a mass ratio of 
97:1.5:1.5 in NMP. The slurry was then spray-coated onto carbon-coated 
aluminium foil and dried at 80 °C overnight in a vacuum oven.

For the GC–MS in situ cells, Li foil (cellithium), a glass fibre separa-
tor (Whatman) and an NCM811 cathode (~2.5 mAh cm−2) were used. A 
gas storage chamber was located inside the cells, separated by a metal 
inner wall, to collect the gases produced during battery cycling. The 
hole in gas storage chamber that connects to the external environment 
was blocked using rubber plugs.

Characterization of materials
Synchrotron-based WAXS data were collected on the BL16B1 beam-
line at Shanghai Synchrotron Radiation Facility (SSRF) using mono-
chromatic X-rays with a beam energy of 10 keV and a beam size of 
500 × 500 μm2. The liquid samples were loaded into quartz capillaries 
(inner diameter 1.5 mm; Hampton), which were then sealed well and 
mounted on the sample stage. Signals were detected with a Pilatus 2M 
detector (1,475 × 1,679 pixels with 172 × 172 μm2 pixel−1) at a distance of 
220 mm from the sample. The exposure time was 60 s for each sam-
ple. The two-dimensional patterns were exported and converted into 
one-dimensional diffraction intensity profiles as a function of wave 
vector Q using the Fit2D software (version 18)48. The raw data were then 
corrected by background scattering (an empty quartz capillary with 
air contribution), and structure factor function (S(q)) was extracted 
using the PDFgetX3 analysis package49.

Synchrotron-based high-energy X-ray scattering data were col-
lected on the BL12SCW beamline at SSRF using monochromatic X-rays 
with a beam energy of 88.6 keV and a beam size of 500 × 500 μm2. The 
liquid samples were loaded into quartz capillaries (outer diameter 
1.5 mm; Charles Supper), which were then sealed well and mounted 
on the sample stage. Signals were detected with a flat-type Pilatus3 
2M CdTe detector (1,475 × 1,679 pixels with 172 × 172 μm2 pixel−1) 
at a distance of 245 mm from the sample in transmission geome-
try. The exposure time was 15 min for each sample. The geometry 
calibration and conversion of the two-dimensional patterns into 
one-dimensional diffraction intensity profiles as a function of Q were 
performed using the DIOPTAS software50. The raw data were then 
corrected by background subtraction (data were collected from an 
empty quartz capillary).

XPS was conducted with a Shimadzu Kratos AXIS SUPRA+ spec-
trometer equipped with an Al Kα source, an argon cluster ion sputter-
ing gun and a high-vacuum transfer chamber. Samples were sealed in 
an airtight transfer container during the transfer process and opened 
after being loaded onto the stage inside the high-vacuum transfer 
chamber to prevent the exposure of samples to air. All of the spectra 
were calibrated with the C–C peaks centred at 284.8 eV. Depth-profiling 
experiments were carried out with argon cluster ion sputtering with a 
beam energy of 0.5 keV over an area of 2 × 2 mm2.

Cryo-TEM was performed on a JEOL JEM-F200 microscope at a 
cryogenic temperature of −180 °C. The accelerating voltage for imag-
ing was set at 200 kV. Li metal was plated onto lacey carbon grids in 

coin cells at 0.5 mA cm−2 for 30 min. The grids with the Li deposits were 
removed from the cells after the electrochemical process in an Ar-filled 
glove box and lightly rinsed with dimethyl carbonate to remove residual 
Li salts. The grids were then transferred to and sealed inside a cryo-TEM 
holder (Fischione 2550), which was placed inside another sealed air-
tight container to avoid air contamination during subsequent transfer. 
The cryo-TEM holder was then quickly and directly inserted into the 
microscope, which was then filled with liquid nitrogen to establish a 
stable temperature of −180 °C. Images were analysed using the Digital 
Micrograph (Gatan) software (version 3.52.3932.0).

SEM characterizations were performed using a FEI Apreo scanning 
electron microscope equipped with a Helios focused ion beam at an 
accelerating voltage of 2 kV. All samples consisted of Cu foil with Li 
deposits, collected from Li||Cu coin cells disassembled in an Ar-filled 
glove box after galvanostatic plating at 0.5 mA cm−2. The Li-plated Cu 
foils were rinsed with DME to remove residual Li salts. The washed 
samples were dried and placed inside a sealed container in the glove 
box before loading onto the sample stage within 10 s.

FIB-SEM cross-section views of NCM811 cathodes were obtained 
on a FEI Helios 600i microscope operated at 2–30 kV. The NCM811 
particles were collected from disassembled cycled Li||NCM811 cells 
and milled to about 100 nm using a Ga+ ion beam. HAADF-STEM char-
acterization was performed using a FEI Titan G2 60-300 microscope at 
an accelerating voltage of 300 kV. The microscope was equipped with 
a spherical aberration corrector to enable sub-ångstrom imaging when 
using HAADF-STEM detectors.

ICP-MS was performed on a Thermo Fisher iCAP RQ spectrom-
eter to measure transition metal dissolution from the cycled NCM811 
cathode. Samples were prepared by dissolving the Li metal anodes 
with deposited transition metals from cycled Li||NCM811 cells (2.8–
4.3 V, 0.5 C/1 C, 50 cycles). First, 1 ml deionized water was added to 
a bottle containing the cycled Li, followed by 1 ml hydrochloric acid 
solution and 8 ml deionized water to yield a transparent solution 
for analysis.

GC–MS was performed on a Shimadzu Nexis GC-2030 spectrom-
eter. A gas-tight syringe was used to transfer 50 μl of the gases from the 
in situ cells to the GC system after a charge/discharge cycle (2.8–4.3 V, 
0.1 C/0.1 C). The gases mixed with helium (99.9999%) carrier gas at a 
total gas flow rate of 8.07 ml min−1 were analysed using a barrier ioni-
zation discharge (BID) detector. The MICROPACKED-ST column used 
for chromatographic separation was maintained at 35 °C and the BID 
detector at 280 °C. The split ratio was kept at 5:1 and the split tempera-
ture at 250 °C.

TOF-SIMS was performed on a TOF.SIMS5-100 spectrometer 
equipped with a 1 keV Cs+ ion beam for sputtering. Samples were ana-
lysed using a 10 keV Bi+ ion beam over an area of 100 × 100 μm2. Samples 
for analysis were prepared by plating Li onto Cu substrates (3 mAh cm−2) 
in Li||Cu cells. All Li||Cu cells for sample preparation were disassembled 
and washed in a glove box under an argon atmosphere. Then the sam-
ples were transferred to the stage of the spectrometer inside the glove 
box without being exposed to air.

The solvation structure of the electrolytes was examined by Raman 
spectroscopy using a Renishaw inVia Raman microscope. The electro-
lytes were sealed inside flat airtight quartz capillaries with high light 
transmittance in a glove box, which were subsequently loaded onto the 
sample stage. The wavelength of the incident laser was 532 nm and the 
exposure time was 2 s with 30 accumulations.

NMR analysis was performed on a Bruker JNM-ECZ600R/S1 
600 MHz NMR spectrometer. CIPA, LHCE-G3, LiFSI–EGBE and LiFSI–
G3 electrolytes and TTE solution were sealed in airtight NMR tubes and 
loaded onto the sample stage for analysis.

Differential scanning calorimetry (DSC) was performed using a 
TA Instruments DSC Q2000 calorimeter. Each sample (~13 mg) was 
sealed in a crimp-sealed holder for analysis. The cooling/heating rate 
was set at 5 °C min−1.
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Theoretical calculations
Snapshots of solvation structures and RDFs were derived from classical 
molecular dynamics (cMD) simulations performed using GROMACS 
(2020.1)51. Before carrying out the cMD simulations, the intramolecular 
force field parameters were optimized using optimized geometries 
and the Hessian matrix with the Perdew–Burke–Ernzerhof (PBE) func-
tional and 6-31+G* basis set using Jaguar (version 8.8)52. The simulation 
models were built in accord with the experimental composition, that 
is, 132 LiFSI, 186 TTE molecules and 132 EGBE molecules randomly 
placed in a periodic box with a volume of 111.98 nm3. After geometry 
optimization, the simulations were first equilibrated for 1.0 ns at 300 K 
using the canonical (NVT) ensemble in which the number of particles 
(N), cell volume (V) and temperature (T) are all kept fixed, then for 
2.0 ns controlling the pressure at 1 bar using the isothermal–isobaric 
(NPT) ensemble in which the number of particles (N), pressure (P) and 
temperature (T) are all kept fixed, and finally for 1.0 ns under NVT con-
ditions using averaged cell parameters from the NPT simulation. Tem-
perature coupling was performed using velocity rescaling (V-rescale) 
with a stochastic term and a 0.1 ps time constant. Berendsen pressure 
coupling was performed with a time constant of 0.5 ps.

The pDOS calculations were performed using the Vienna Ab 
initio Simulation Package (VASP, version 5.4.4)53 and the projector 
augmented wave method54 with a plane-wave basis set. Generalized gra-
dient approximations of the PBE functional were adopted55. The 3s23p4, 
2s22p5, 2s22p4, 2s22p3, 2s22p2, 2s1 and 1s1 valence electrons were treated 
explicitly for S, F, O, N, C, Li and H, respectively. The density functional 
theory D3 method with Becke–Johnson damping was included for dis-
persion correction56. A 400 eV energy cut-off was set with no considera-
tion of spin polarization in the calculations. The reciprocal space was 
sampled using the Γ-centred Monkhorst–Pack scheme57 with a 3 × 3 × 1 
grid. The partial occupancies of each orbital were set in the first-order 
Methfessel–Paxton scheme with a smearing width of 0.2 eV. The dipole 
moment corrections for total energy were applied along the surface’s 
normal direction. For the self-consistent electronic step, convergence 
was set at a threshold of 10–4 eV for changes in total energy.

NVT AIMD simulations were performed at 300 K using a Nosé–
Hoover thermostat with a damping parameter of 200 fs. A 1 fs time 
step was used with the mass of hydrogen set to 2 atomic mass units. 
The velocities were scaled to the targeted temperature every 20 steps 
for equilibration. In the investigation of the reactions between the CIPA 
electrolyte and the Li metal anode, the solvation effect was included 
using the implicit solvation model as implemented in VASPsol (ref. 58) 
and the applied potential was controlled at U = 0 V versus Li+/Li by the 
open-source subroutine TPOT (ref. 59). The initial models of the CIPA 
and LHCE solvation structures were obtained from cMD simulations.

Data availability
All of the data that support the findings of this study are available in the 
main text and Supplementary Information. Source data are provided 
with this paper.

Code availability
The MD simulation codes used in this work are available at https://doi.
org/10.6084/m9.figshare.25906249.v1 (ref. 60).
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