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Ligand-channel-enabled ultrafast Li-ion 
conduction

Di Lu1,8, Ruhong Li1,8, Muhammad Mominur Rahman2, Pengyun Yu3,4, Ling Lv1, Sheng Yang5, 
Yiqiang Huang1, Chuangchao Sun1, Shuoqing Zhang1, Haikuo Zhang1, Junbo Zhang1, 
Xuezhang Xiao1, Tao Deng6, Liwu Fan5, Lixin Chen1,7, Jianping Wang3,4, Enyuan Hu2 ✉, 
Chunsheng Wang6 ✉ & Xiulin Fan1 ✉

Li-ion batteries (LIBs) for electric vehicles and aviation demand high energy density, 
fast charging and a wide operating temperature range, which are virtually impossible 
because they require electrolytes to simultaneously have high ionic conductivity,  
low solvation energy and low melting point and form an anion-derived inorganic 
interphase1–5. Here we report guidelines for designing such electrolytes by using 
small-sized solvents with low solvation energy. The tiny solvent in the secondary 
solvation sheath pulls out the Li+ in the primary solvation sheath to form a fast 
ion-conduction ligand channel to enhance Li+ transport, while the small-sized solvent 
with low solvation energy also allows the anion to enter the first Li+ solvation shell to 
form an inorganic-rich interphase. The electrolyte-design concept is demonstrated 
by using fluoroacetonitrile (FAN) solvent. The electrolyte of 1.3 M lithium 
bis(fluorosulfonyl)imide (LiFSI) in FAN exhibits ultrahigh ionic conductivity of 
40.3 mS cm−1 at 25 °C and 11.9 mS cm−1 even at −70 °C, thus enabling 4.5-V graphite|| 
LiNi0.8Mn0.1Co0.1O2 pouch cells (1.2 Ah, 2.85 mAh cm−2) to achieve high reversibility 
(0.62 Ah) when the cells are charged and discharged even at −65 °C. The electrolyte 
with small-sized solvents enables LIBs to simultaneously achieve high energy density, 
fast charging and a wide operating temperature range, which is unattainable for the 
current electrolyte design but is highly desired for extreme LIBs. This mechanism is 
generalizable and can be expanded to other metal-ion battery electrolytes.

Interactions between solvents, Li+ cations and salt anions control 
the electrolyte properties, including ionic conductivity, solvation– 
desolvation behaviours and interphase chemistry6,7. The ethylene  
carbonate (EC)-based electrolytes with a strong interaction of 
Li+-solvents have a high ionic conductivity (9–10 mS cm−1 at 25 °C) and 
form organic–inorganic solid electrolyte interphase (SEI) on graphite 
anodes, which enable graphite-based LIBs to achieve super-reversibility 
under mild working conditions8. However, the high desolvation energy 
and organic-rich SEI limit low-temperature performance owing to 
high interfacial resistance and freeze of EC-based electrolytes9. High- 
concentration electrolytes (HCEs), localized HCEs and weakly solvating 
electrolyte address the interfacial issues by forming anion-derived SEI 
(refs. 10–13), yet they invariantly have low ionic conductivities (around 
1 mS cm−1) owing to large viscosity and poor lithium-salt dissociation, 
which limits the charging rates and power densities13,14. It is impossible 
for the electrolyte to simultaneously have high ionic conductivity and 
form LiF-rich SEI, based on the current electrolyte-design principle.

Li+ transport in liquid electrolytes with different salt concentra-
tions can be through vehicular transport (Fig. 1a), structural transport 

(Fig. 1b) or a combination of both15,16. In basic carbonate liquid (dilute) 
electrolytes, vehicular transport is the dominant ionic conduction 
manner, in which Li+ moves with its bulky solvation sheath17,18. However, 
in HCEs, Li+ diffusion occurs mainly through hopping to solvents and 
anions by sequential shifts between various possible configurations of 
multidentate ligation through structural diffusion mechanism19. The 
high energy barrier in HCEs is primarily induced by stiff, percolated 
and interconnected ions with solvent/anion networks and close-knit 
coordination20,21. In both cases, only the Li+ solvation energy in the 
first solvation sheath is considered because of the shielding effect 
from the large-sized solvents and anions in the primary solvation 
sheath. Therefore, weak bonding between Li+ and solvents is desir-
able for allowing anions to enter the Li+ primary solvation shell to 
form an anion-derived SEI. However, weak solvation substantially sup-
presses the full dissociation of lithium salts, resulting in a decrease 
in Li-ion conductivity. How to keep the benefit of weak bonding 
between Li+ and anion/solvents while achieving a fast Li+ transport 
in the liquid electrolyte remains an unsolved challenge for current  
organic-electrolyte design.
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Small-sized solvent with weak solvation energy and 
high Li-ion conductivity
Typically, a high degree of dissociation of lithium salt is positively cor-
related with high solvation energy12,22. The low solvation energy of the 
solvents enables the anion to enter the first solvation shell but reduces 
the ionic conductivity, whereas the high solvation energy of the solvents 
leads to high ionic conductivity but weakens the Li+–anions interactions. 
We screened solvents based on the solvation energy (Esol) in Fig. 1d. 
Among these solvents (Supplementary Table 1), 1,3-dioxolane (DOL), 
methyl difluoroacetate (MDFA), methyl 2,2-difluoro-2-(fluorosulfonyl)
acetate (MDFSA) and dimethyldimethoxysilane (DMMS) show low 
solvation energy owing to the weak interaction with Li+ (refs. 11,23,24), 
whereas trimethyl phosphate (TMP) and water (H2O) exhibit the maxi-
mum solvation energy of −5.24 eV and −5.38 eV, respectively, owing to 
the strong coordination with Li+ (refs. 25,26). Despite having similar 
solvation energy, acetonitrile (AN, −4.65 eV)/tetrahydrofuran (THF, 
−4.65 eV) and fluoroacetonitrile (FAN, −4.42 eV)/ethyl methyl carbon-
ate (EMC, −4.42 eV) show notable disparity in lithium-salt dissociation 
(Supplementary Fig. 1a) and ionic conductivity (Supplementary Fig. 1b), 
suggesting that other parameters beyond solvation energy also play 
critical roles in determining the ionic conductivity of electrolyte. To 
gain a better understanding in this regard, we revisited the Li-ion trans-
port mechanism in liquid electrolytes.

We calculated the Li-ion conductivity (σ) of electrolytes by incorpo-
rating both vehicular and structural transport mechanisms, involving 
key parameters such as solvation sheath volume (VNs, in which V and Ns 
are the molecular volume of the solvent and the solvation number of 

Li+, respectively; equations (1) and (2)) and Li+ transport energy barrier 
(Etrans, free energy extracted from ab initio molecular dynamics (AIMD) 
trajectory of the probability distribution of Li+-solvent among various 
Li+ complexes; equation (3))27,28 for fast Li-ion chemistries among a 
variety of solvents (Supplementary Table 1).
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in which Z is the valence order; C is the molar concentration of diffused 
Li+; F is Faraday’s constant; η is the viscosity of electrolyte; rs, and rc 
are the Stokes radius of solvated Li+ and the crystallographic radius 
of Li+ (0.076 nm)27, respectively; T is the absolute temperature; A and 
kB are the pre-exponential factor and Boltzmann constant, respec-
tively. According to the equations, the Li-ion conductivity increases as 
the Li+ transport energy barrier (Etrans) and solvation sheaths volume 
(VNs) decrease. On the basis of the above two parameters in Fig. 1e, 
three solvents, that is, H2O (140.28 Å3, 1.86 kJ mol−1), AN (228.30 Å3, 
1.90 kJ mol−1) and FAN (255.60 Å3, 1.94 kJ mol−1) with low Li+ transport 
energy barrier and ultrasmall sheath volume stand out (light-green 
area), making them the most promising solvent candidates for the 
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Fig. 1 | Electrolyte design and solvent-screening strategies. a–c, Schematic 
illustrations of Li+ transport behaviours with the vehicular mechanism (a), 
structural mechanism (b) and ligand-channel-facilitated mechanism (c). d, The 
solvation energy and solvation-shell volume of solvents. e, The Li+ transport 

energy barrier and solvation-shell volume of solvents. The electrolyte using the 
solvents with small size, low solvation energy and Li+ transport energy barrier 
can conduct Li+ through the ligand-channel transport mechanism. The full 
name of every solvent can be found in Supplementary Table 1.
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electrolyte with ultrahigh ionic conductivity. Owing to the limited 
screening effect, these three small-sized solvents in the secondary 
solvation sheath can interact with inner Li+ and regulate solvated 
structures (Supplementary Fig. 2) to form continuous Li+ transport-
ing ‘ligands’ channels (Fig. 1c), thus facilitating fast ion chemistries. 
Excluding H2O and AN as solvents because of their high reactivity and 
poor SEI-formation capability to the anodes (Supplementary Fig. 3 
and Supplementary Note 1), only FAN satisfies the electrolyte-design 
criteria of low solvation energy, low Li+ transport energy barrier and 

small solvent size, thereby facilitating the formation of LiF-rich SEI 
and promising high ionic conductivity through a fast ion-conduction  
ligand channel.

To validate the electrolyte-design criteria, we prepared 1.3 M LiFSI/
FAN electrolyte, which achieves an ultrahigh ionic conductivity of 
40.3 mS cm−1 at 25 °C in Fig. 2a. This value is more than four times 
higher than that of typical carbonate-based electrolytes, such as 1.0 M 
lithium hexafluorophosphate (LiPF6)/EC-EMC (3:7, v/v) electrolyte 
(9.0 mS cm−1). The high ionic conductivity of FAN-based electrolyte 
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Fig. 2 | Physical properties and ion-transport mechanism of FAN-based 
electrolyte. a, Ionic conductivities of EC/EMC-based and FAN-based electrolytes 
with different concentrations. b, Ionic conductivities of liquid and solid-state 
electrolytes from 60 °C to −70 °C. c, Evolution of Li-ion solvation environment  
in 1.3 M LiFSI/FAN electrolyte from molecular dynamics simulations at 298 K  
(the vertical axis represents the serial number of different solvents or anions 
coordinated with the investigated Li+ in the simulation time of 2,000 ps). The 
short horizontal lines denote the residence time of N(FAN) within 3.0 Å and O(FSI−) 

within 3.0 Å of Li+. The representative Li+ solvation structures corresponding  
to different residence times indicated by dashed vertical lines are also shown 
(t = 50 ps, 150 ps, 200 ps, 1,550 ps, 1,700 ps, 1,850 ps; green, Li atom; red, O atom; 
yellow, S atom; purple, N atom; orange, F atom; tan, C atom; white, H atom).  
d, Variation of energy barrier of Li+ hopping in different electrolytes. Insets, 
spatial distribution function of Li+ ions around FAN and EC solvents. e, TI of 
different electrolytes. The error bars represent maximum and minimum values 
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holds when other salts such as lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) or LiPF6 are used (Fig. 2a and Supplementary Table 2). 
Figure 2b and Supplementary Figs. 4 and 5 summarize the ionic 
conductivities of FAN-based electrolytes and seven typical electro-
lytes between 60 °C and −70 °C (Supplementary Note 2). It shows 
that the ionic conductivity of conventional carbonate-based elec-
trolyte exhibits an inflection point at −20 °C, with a low value of 
2.0 mS cm−1, which is followed by a rapid decline owing to solidifica-
tion of the electrolyte. By contrast, LiFSI/FAN electrolyte achieves 
the highest ionic conductivity of 11.9 mS cm−1 even at −70 °C, which 
is more than four orders of magnitude greater than that of traditional 
carbonate-based electrolyte and surpasses the ionic conductivities 
of the state-of-the-art electrolytes, including liquefied gas electrolyte 
(5.8 mS cm−1, −60 °C)29, ethyl-acetate-based electrolyte (0.2 mS cm−1, 
−70 °C)30 and fluorinated-acetate-based electrolyte (0.01 mS cm−1, 
−70 °C)24. Notably, the characteristic curves (log σ versus 1/T) of 
1.3 M LiFSI/FAN and 1.2 M LiTFSI/FAN are straight and parallel to each 
other (Fig. 2b), indicating ultralow glass-transition temperature of 
FAN-based electrolytes (Supplementary Figs. 6–9 and Supplementary 
Note 3). As well as ionic conductivity, other transport parameters, 
that is, transference number and self-diffusion coefficient, also high-
light the fast ion-conduction capability of FAN-based electrolytes  
(Supplementary Table 3).

Ligand-channel-facilitated mechanism
To understand the ligand-channel-facilitated mechanism, we per-
formed molecular dynamics simulations to investigate the molecular- 
scale solvation dynamics and the anion/solvent residence times  
around the Li+ cations, as shown in Fig. 2c and Supplementary Fig. 10. 
Our results show that the residence time of Li+ in 1.3 M LiFSI/FAN  
electrolyte with the ligand-channel-facilitated mechanism is excep-
tionally short, suggesting that Li+ is frequently solvated by FAN mole-
cules (about 77.2 ps at 298 K) and FSI− anions (about 136.8 ps at 298 K) 
with ultrafast hopping frequencies. Such short residence time always 
results in a high Li+ hopping frequency between the neighbouring coor-
dination sites and, thereby, high ionic conductivity31. This energetic Li+ 
hopping is also verified by the decreased activation energy (0.85 eV; 
Fig. 2d) and the large spatial distribution of Li+ ions around FAN solvent, 
as well as the long attracting distance of Li+-FAN clusters (Fig. 2d inset 
and Supplementary Fig. 2). In conventional carbonate electrolytes, Li+ 
diffusion occurs by means of the vehicular mechanism, in which Li+ is 
carried along by the EC/EMC solvation sheaths with a longer coordina-
tion period (about 198.5 ps at 298 K), owing to the strong affinity of 
solvated Li+-inner EC/EMC molecules31,32 (Supplementary Fig. 10a). 
With the increase of salt concentration, the Li+ transport mechanism 
gradually transforms into a structural one, in which Li+ predominantly 
exchanges with FSI− anions (about 885.3 ps at 298 K; Supplementary 
Fig. 10b). Furthermore, the femtosecond two-dimensional infrared 
spectroscopy also provides solid structural evidence for the ligand- 
channel-facilitated mechanism for FAN-based electrolyte (Supplemen-
tary Figs. 11–13, Supplementary Table 4 and Supplementary Note 4).

The maximum ionic conductivity can be achieved during the transi-
tion from vehicular transport to structural transport. To gain insight 
into the fast Li+ conduction mechanism in an electrolyte, we introduced 
the transport index (TI) as a new parameter to quantify Li+ transport 
behaviour, which represents the percentage of structural Li-ion trans-
port in total Li-ion transport (equation (4); the details are shown in 
Supplementary Fig. 14 and Supplementary Note 5). In equation (4), 
N is the number of transport ions (Li+), tV is the time for Li+ transport 
without solvent/anion exchange and tS is the time for Li+ transport 
accompanied by solvent/anion hopping. It is worth noting that the 
sum of tV and tS equals the total simulation time. Δri, j and Δri,k are the 
displacements of Li+ that obey different types of ion-motion mechanism 
in a given time interval.
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At TI = 0 (ideal dilute liquid electrolytes), the ion transport occurs 
by the vehicular mechanism. At TI = 1 (solid-state electrolyte), the Li+ 
percolation with structural mechanism contributes to the integral 
Li+ motion (Supplementary Fig. 15). By clarifying the two parameters 
of ionic conductivity and TI in liquid electrolytes, the ion-transport 
mode can be revealed at the molecular level. For the standout electro-
lytes with the ligand-channel-facilitated mechanism, the maximum 
ionic conductivity is achieved when the TI is around 0.5 (Supplemen-
tary Fig. 16) and vice versa, which suggests a unique and ultrafast 
ion-transport behaviour that is different from vehicular/structural 
ones. As shown in Fig. 2a,e and Supplementary Fig. 14, FAN-based elec-
trolyte with a concentration of 1.3 M and a TI value of approximately 0.5 
presents the fastest ion-translation property, far exceeding any other 
electrolytes. It is noteworthy that the TI can be considered as a direct 
and efficient parameter to design ideal electrolytes with superionic  
behaviour.

Electrochemical performances at extreme conditions
Similar to the classical case of ‘EC–PC disparity’33, the minuscule struc-
tural difference between AN and FAN caused by a single F atom leads to 
two totally distinct interphase behaviours: the continuously irrevers-
ible reduction of AN-based electrolyte at about 0.5 V, as opposed to 
the reversible Li+ interaction/deintercalation enabled by FAN-based 
electrolyte at about 0.1 V (Supplementary Figs. 17 and 18 and Supple-
mentary Note 6). Furthermore, the optimized solvation structures 
(Supplementary Figs. 19–21 and Supplementary Note 7) of FAN and 
AN-based electrolytes after single-electron reduction are shown in 
Supplementary Fig. 22. The reductive decomposition of both FAN and 
FSI− generate a large amount of LiF species, which favour the interphase 
chemistries.

To eliminate the adverse effect of Li metal polarization on the elec-
trochemical performance, the rate performances of graphite elec-
trodes with different electrolytes were tested using three-electrode 
Li||graphite cells34 (Supplementary Fig. 23). Owing to the small imped-
ances and overpotentials of the cells with FAN-based electrolyte at all 
rates (Supplementary Figs. 24 and 25 and Supplementary Table 5), 
the cells with FAN-based electrolyte exhibit superior rate capability 
(Supplementary Note 8). Notably, the FAN-based electrolyte enables 
graphite||NMC811 full cells to operate effectively under extreme con-
ditions (high voltage, high rate and wide temperature range) without 
Al current collector corrosion (Supplementary Fig. 26). In Fig. 3a,b, a 
graphite||NMC811 full cell with FAN-based electrolyte yields a capacity 
of 177.8 mAh g−1 at 6C (76.4 mAh g−1 for EC/EMC-based electrolyte) and 
shows unprecedented capacity retention of 80% over 3,000 cycles at 
6C with an average Coulombic efficiency of 99.97%, which represents 
the lowest capacity loss reported so far for graphite||NMC811 cells at 
such a high charge–discharge rate. Although nitriles have been widely 
used as an effective additive for high-voltage cathodes35,36, FAN, as the 
fluorinated nitrile, exhibits even better anodic stability (Supplementary 
Fig. 27). The 4.5-V graphite||NMC811 cell with high loading of 2 mAh cm−2 
delivers a highly reversible capacity of 173.9 mAh g−1 at 4C in FAN-based 
electrolyte, whereas that of EC/EMC-based electrolyte only remains at 
28.3 mAh g−1 (Supplementary Fig. 28).

Benefitting from the unique ligand-channel-facilitated transport 
mechanism with TI ≈ 0.5 in the wide temperature range (Supplemen-
tary Figs. 29–31 and Supplementary Note 9), FAN-based electrolyte 
supports high reversibility of graphite||NMC811 full cells in a wide 
temperature window ranging from −80 °C to +60 °C (Fig. 3c,d). 
The graphite||NMC811 full cells with FAN-based electrolyte show a 
high capacity of 175.0 mAh g−1 at 6C and stable cycling performance 
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with a capacity retention of 80% after 600 cycles with an average  
Coulombic efficiency of 99.95% at 60 °C (Fig. 3e and Supplementary 
Fig. 32). It is worth noting that low-temperature charging is particu-
larly challenging for graphite-based LIBs, therefore previous studies 
mainly focused on low-temperature discharging12,24,37. In the current 
work, the FAN-based electrolyte exhibits excellent performance 
for both charging and discharging at ultralow temperatures. The 
graphite||NMC811 full cells using this electrolyte demonstrate high 
retention of their room-temperature capacity, with 76% (164.8 mAh g−1), 
63% (135.0 mAh g−1) and 51% (109.7 mAh g−1) retention at −35 °C, −60 °C 
and −80 °C, respectively. Moreover, the graphite||NMC811 cells with 
FAN-based electrolyte show extremely stable and reversible capac-
ity over 350 cycles at −35 °C (capacity retention of 96%, average Cou-
lombic efficiency of 99.95%) and −60 °C (capacity retention of 80%, 
average Coulombic efficiency of 99.93%) without Li plating (Fig. 3f 
and Supplementary Fig. 33), whereas the cells using EC/EMC-based 
electrolyte cannot provide any capacity (Supplementary Fig. 34). 
Also, we compared the electrochemical performance of reported 
electrolytes (E1–E9; details in Supplementary Table 6) at extreme tem-
peratures (Supplementary Figs. 35–37 and Supplementary Note 10).  

In a scaled-up cell format, 1.2-Ah graphite||NMC811 pouch cells  
(area capacity of cathode/anode: 2.85 mAh cm−2/3.13 mAh cm−2) with 
lean electrolyte (3 g Ah−1) were further evaluated in Fig. 3g. Notably, 
the 1.2-Ah pouch cell with FAN-based electrolyte can deliver a revers-
ible capacity of about 0.73 Ah, which was charged and discharged at 
−50 °C, maintaining high reversibility without any capacity decay over 
150 cycles, whereas that with E3–E9 electrolytes (details in Supple-
mentary Table 6) cannot show any capacity. When the temperature 
drops to −65 °C, −70 °C and −80 °C, the 1.2-Ah graphite||NMC811 
pouch cells with FAN-based electrolyte still exhibit reversible capaci-
ties of 0.62 Ah, 0.55 Ah and 0.45 Ah, respectively (Supplementary  
Fig. 38). These findings indicate a marked advancement in the recharge-
ability of graphite anodes under ultralow temperatures and ultra-
high rates, thus validating the electrolyte-design principles for fast  
Li-ion chemistries.

Chemistry at the interphase
The SEI formed on graphite anode in 1.3 M LiFSI/FAN electrolyte 
is designed to be rich in LiF–LixN, as confirmed by high-resolution 
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Fig. 3 | Electrochemical performances of FAN-based electrolyte at extreme 
conditions. a, Charge–discharge curves of graphite||NMC811 cells at different 
rates for EC/EMC-based (top) and FAN-based electrolyte (bottom) at 25 °C.  
b, Cycling performance of graphite||NMC811 cells with different electrolytes in 
the range 2.8–4.3 V at 25 °C (0.1C, 0.5C, 1C, 2C, 3C, 4C, 5C and 6C, each cycled 
for five cycles and then 6C for long cycling). Specific capacities (c) and charge–
discharge curves (d) of graphite||NMC811 cells with FAN-based electrolyte in 

the range 2.8–4.5 V at different temperatures. e, Cycling performance of 
graphite||NMC811 cells with different electrolytes in the range 2.8–4.3 V at 60 °C 
(0.1C, 0.5C, 1C, 2C, 3C, 4C, 5C and 6C, each cycled for five cycles and then 6C for 
long cycling). f, Cycling performance of graphite||NMC811 cells with different 
electrolytes in the range 2.8–4.5 V at −35 °C and −60 °C. g, Cycling performance 
of graphite||NMC811 pouch cells with different electrolytes in the range 2.8–4.5 V 
at −50 °C. The electrolytes E1–E9 are listed in Supplementary Table 6.
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transmission electron microscopy, soft X-ray absolution spectroscopy 
(XAS) and theoretical calculations. During the initial decomposition 
reactions of FAN-based electrolyte in Fig. 4a–c, the FSI− anions form 
anion-derived SEI by gradually accepting electrons. Simultaneously, 
FAN solvents are prone to being reduced with the lowest reaction energy 
of −4.73 eV, resulting in the formation of LiF–LixN-rich SEI. The value of 
Mayer bond order (MBO) of C≡N is reduced from 3.06 to 2.49 and 2.08, 
suggesting that substantial C=N moieties are generated over cycling. 
These findings are consistent with the in-depth X-ray photoelectron 
spectroscopy (XPS) results (Supplementary Figs. 39–41). By contrast, 
EC/EMC-based electrolyte tends to produce considerable organic Li–O 
species on graphite anode during the initial decomposition reactions 
(Supplementary Figs. 42 and 43), which leads to sluggish Li+ transport 
kinetics. As shown in Fig. 4d,e, the SEI formed by the FAN-based electro-
lyte is more uniform and thinner (2.7 nm) compared with the SEI formed 
by EC/EMC-based electrolyte (11.4 nm). Such homogenous interphase 
films are also detected on NMC811 cycled in FAN-based electrolyte (Sup-
plementary Fig. 44). In Fig. 4f, the appearance of new species of C=N 
(286.8 eV, C K-edge and 399.8 eV, N K-edge) and LiF (692.2 eV, F K-edge) 
on graphite anode cycled in FAN-based electrolyte indicates the decom-
position of FAN solvent, which is consistent with AIMD results (Fig. 4a–c 

and Supplementary Fig. 43). Meanwhile, the C=N and LiF species are also 
observed in the bulk structures of graphite anode (FY mode of XAS, as 
shown in Supplementary Fig. 45), suggesting that the initial decomposi-
tion of FSI− anions and FAN solvents, followed by further decomposition 
of FAN solvent, helps to improve the stability of bulk graphite anode. 
This effective and low-resistance SEI-formation mechanism promotes 
the achievement of ultrafast LIBs under extreme conditions.

Conclusion
In summary, the ideal electrolyte requires contradictory properties of 
high salt dissociation but low Li+ transport energy barrier and high ionic 
conductivity but inorganic-rich interphase, which are never achieved 
simultaneously. Taking advantage of the ligand-channel-facilitated 
mechanism, we designed a unique electrolyte (1.3 M LiFSI/FAN) with 
small solvation sheath and fast solvation–desolvation capability. The 
FAN-based electrolyte demonstrates an ultrahigh ionic conductivity 
of 40.3 mS cm−1 at 25 °C and 11.9 mS cm−1 at −70 °C. It also realizes fast 
charge-transfer kinetics and promotes the formation of conductive 
LiF–LixN-rich SEI, which overcomes the sluggish kinetics of graph-
ite during ultrafast charging and ultralow temperature conditions. 
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The graphite||NMC811 full cell with FAN-based electrolyte exhibits 
>3,000 cycles life at 6C and delivers a high reversible capacity of 
109.7 mAh g−1 when charged and discharged at −80 °C. Practical 1.2-Ah 
graphite||NMC811 pouch cells using FAN-based electrolyte deliver 
highly reversible capacity of 0.73 Ah at −50 °C (0.62 Ah at −65 °C), 
with no capacity decay after 150 cycles. This work sheds light on 
ion motion between the vehicular and structural mechanisms. The 
ligand-channel-facilitated conduction mechanism paves the way for 
high-energy batteries operating at extreme conditions.
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Methods

Preparation of electrolytes and electrodes
Battery-grade LiPF6, LiFSI, LiTFSI and Py13-FSI were purchased from 
Changde Dadu New Material Co., Ltd. EC, EMC, DMC, DME, DOL, BTFE, 
AN and FAN were purchased from Sigma-Aldrich. The EC/EMC-based 
electrolyte and FAN-based electrolyte were 1.0 M LiPF6/EC-EMC (3:7, 
v/v) and 1.3 M LiFSI/FAN, respectively. All solvents were dried over 
activated molecular sieves before use. All electrolytes were prepared in 
an argon-filled glovebox (Mikrouna, China) with moisture and oxygen 
contents less than 0.1 ppm. The solid-state electrolyte Li10GeP2S12 (LGPS) 
was synthesized according to previously reported procedures38,39.

The anode slurry coated on copper foil was composed of 80 wt% 
natural graphite (graphite, average diameters: 2.5 μm, Beijing  
Xinjincheng Science and Trade Co., Ltd.), 10 wt% conductive carbon 
black (Super C45, Hefei Kejing Materials Technology Co., Ltd.), 10 wt% 
PAALi (Sigma-Aldrich) and pure H2O as solvent. The cathode slurry 
coated on aluminium foil consisted of 80 wt% NMC811 (Hefei Kejing 
Materials Technology Co., Ltd.), 10 wt% conductive carbon black  
(Super C45, Hefei Kejing Materials Technology Co., Ltd.), 10 wt% polyvi-
nylidene fluoride binder (PVDF, Suzhou Zhongyan Chemical Technol-
ogy Co., Ltd.) and N-methyl-2-pyrrolidinone (NMP, Suzhou Zhongyan 
Chemical Technology Co., Ltd.) as solvent. After solvents have been 
dried, the electrodes were punched into discs with diameters of 14 mm 
and 12 mm for anodes and cathodes, respectively, followed by further 
vacuum drying at 100 °C overnight before the assembling of both half 
cells and full cells. The mass loading of NMC811 and graphite for coin 
cells were about 5.00 mg cm−2 and 2.95 mg cm−2, respectively. Coin cells 
with as-prepared electrolytes (80 μl) were assembled with NMC811 (or 
graphite) as working electrode and polyethylene membrane (ND16, SK 
Innovation Co., Ltd.) as separator. For coin full cells, the N/P value was 
1.1 (calculated according to 200 mAh g−1 for NMC811 and 372 mAh g−1 
for graphite). The graphite||NMC811 pouch-type cells (1.2 Ah) (Li-FUN 
Technology Co., Ltd.) were injected with 3 g Ah−1 electrolytes before 
sealing. Owing to incompatibility between Li metal and AN solvent, 
co-intercalate behaviour of AN-based electrolyte was investigated by 
graphite||4 mAh cm−2 LiFePO4 full cell. The viscosity of electrolytes 
was measured by an Anton Paar MCR102e Rheometer. Different elec-
trolytes subjected to differential scanning calorimetry measurement 
were packed in a stainless-steel pan, which was then crimp-sealed in a 
glovebox filled with argon. All of the differential scanning calorimetry 
experiments were carried out at a cooling/heating rate of 5 °C min−1.

Electrochemical measurements
All cells were both charged and discharged at the same tempera-
ture between −80 °C to 60 °C instead of previously reported room- 
temperature charging and low-temperature discharging protocol  
using a LAND battery testing system (Wuhan LAND Electronics Co., 
Ltd.). For coin-type cells at extreme conditions, the graphite||NMC811 
cells were cycled at 0.5C for the first ten cycles at room temperature, 
followed by long cycling at 0.2C at low temperatures (−35 to −60 °C, 
0.1C for −70 and −80 °C). For pouch-type cells at extreme conditions, 
the graphite||NMC811 cells were cycled at 0.2C for the first ten cycles at 
room temperature, followed by long cycling at 0.1C at low temperatures 
(−50 °C and −65 °C). In galvanostatic intermittent titration technique 
measurements, the Li||graphite cells were cycled at a rate of 10C and 
3 h rest time (after 60 cycles at 10C charge and discharge). Two plate 
electrodes were inserted into electrolytes (6 ml) to measure the ionic 
conductivities of the electrolytes by an AC impedance analysis using an 
Ivium-n-Stat with an AC voltage amplitude of 10 mV over the frequency 
range from 1 Hz to 1 MHz at various temperatures and concentrations. 
The electrochemical impedance spectroscopy spectra of coin cells at 
fully discharged state were performed by an electrochemical work-
station (Ivium-n-Stat, Ivium Technologies BV Co., Ltd.) over frequencies 
from 10 kHz to 10 mHz with a voltage amplitude of 10 mV.

Characterization
The solvation structures of different electrolytes were measured by 
7Li and 19F nuclear magnetic resonance spectroscopy (600 MHz NMR 
Spectrometer, Agilent DD2 600). The cathodes and anodes were disas-
sembled from graphite||NMC811 full cells cycled 100 cycles and rinsed 
with anhydrous DMC three times to remove the residuals (inside the 
glovebox), followed by characterizations of scanning electron micros-
copy (SU-70, Hitachi Ltd.), transmission electron microscopy (Tecnai 
G2 F20) and XPS (ESCALAB 250Xi, Thermo Fisher Scientific). Sam-
ples were transferred directly to the XPS sample chamber to avoid 
interference from the external rings. XAS of anodes were performed 
at beamline 23-ID-2 of the National Synchrotron Light Source II (NSLS 
II) at Brookhaven National Laboratory. The soft XAS measurements for 
obtaining interspatial and bulk information were conducted in both 
total electron yield and fluorescence yield modes at the IOS beamline 
of NSLS II. The collected XAS data were analysed using the ATHENA 
software package.

Quantum chemistry calculations
All quantum chemistry calculations were performed using Gaussian 
16 software. The M06-2X functional was used as it was shown to accu-
rately describe long-range van der Waals interaction of intermolecular 
interactions. The triple-zeta basis set def2-TZVP was used for structure 
optimization as well as the energy calculation. All of the optimized 
structures were confirmed as potential minima, with no frequency 
modes with imaginary eigenvalues, through frequency analyses follow-
ing geometry optimizations. The SMD implicit solvation model with AN 
(ε = 35.688) was used to represent different electrolyte environments 
not explicitly included in quantum chemistry calculations.

The solvation energy of the nth solvent (AN and FAN) is defined as 
the energy difference between (LiFSI: n solvent) and (LiFSI: (n − 1) sol-
vent) and solvent. The solvation energy of FSI− with the (Li+: n solvent) 
is defined as the energy difference between (LiFSI: n solvent) and (Li+: 
n solvent) and FSI−. The MBO was calculated by using the Multiwfn 3.8 
program.

Classical molecular dynamics simulations
Classical molecular dynamics simulations were performed in LAMMPS 
using the all-atom optimized potentials for liquid simulations 
(OPLS-AA) force field with the Li+, PF6

− and FSI− anions description from 
previous publications. The electrolyte systems were set up initially 
with the salt and solvent molecules distributed in the simulation boxes 
using Moltemplate (http://www.moltemplate.org/). For each system, 
an initial energy minimization at 0 K (energy and force tolerances of 
10−5) was performed to obtain the ground-state structure. After this, 
the system was slowly heated from 0 K to room temperature (298 K) 
at a constant volume over 0.2 ns using a Langevin thermostat, with a 
damping parameter of 100 ps. The system was equilibrated at constant 
temperature (298 K) and constant pressure (1 bar) (NPT ensemble) for 
5 ns. For production runs, a series of 10-ns simulations at 300 K were 
carried out in the NVT ensemble using a Nosé–Hoover thermostat 
with a coupling constant of 0.1 ps. Radial distribution functions were 
obtained using the Visual Molecular Dynamics software. Snapshots 
of the most probable solvation sheaths were also sampled from the 
simulation trajectory using VESTA.

The ionic-transport behaviour of a given electrolyte was evaluated 
through equilibrium classical molecular dynamics simulations. The 
model with the scaled charges by 0.75 for charged ions was used to 
account for electronic screening and obtained converged conductivity 
and ionicity values. The transport coefficients (Fij) and ionic conductiv-
ity (σ) were calculated using equations (5) and (6).
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in which e is the electron charge, V is the volume of the simulation box, 
kB is the Boltzmann constant and T is the temperature. i and j represent 
species and ni (nj) is the number of particles of species i (j). ri,α is the 
displacement vectors for the motion of the αth particle of species i 
relative to the centre-of-mass position of the entire system40,41.

AIMD calculations
AIMD simulations were performed using CP2K. We used the Perdew–
Burke–Ernzerhof exchange-correlation functional, a GGA functional 
and the double-zeta valence polarized basis set and Goedecker–Teter–
Hutter pseudopotentials. The efficient solution of the Poisson equation 
within the periodic boundary conditions is obtained in the reciprocal 
space by the expansion of the electronic density into a plane-wave basis 
set truncated at the energy cutoff of 400 Ry. The dispersion correction 
was applied in all calculations with the Grimme D3 method. Because 
of the large size of the cells, only the gamma point in the reciprocal 
space was used in our calculations. AIMD simulations were performed 
at 300 K with NVT ensembles and a time step of 1.0 fs. A stochastic 
velocity rescaling thermostat was used to control the temperature in 
AIMD simulations.

For simulations of Li+ hopping transfer behaviour in bulk solvent, 
various solvent molecules with two Li+ complexes were used in a peri-
odic cubic box (column is calculated on the basis of density). A 20-ps 
simulation was performed to sample Li+ transfer in bulk solvent. We 
extract the free energy of Li+ hopping as:

E k T PΔ = − ln (7)trans B

in which P is the probability as a function of Li–O (N) coordinate, T is 
temperature and kB is the Boltzmann constant.

The anode consists of three layers of fully discharged graphite (LiC6) 
with an armchair edge. Carbon armchair edges were functionalized 
with all oxygens. Two electrolyte systems, 1.3 M LiFSI/FAN (2 LiFSI and 
40 FAN molecules) and 1.0 M LiPF6/EC-EMC (2 LiPF6, 8 EC and 12 EMC 

molecules) were evaluated. Initial geometries of the electrolyte were 
created with PACKMOL and then quenched using density functional 
forces. AIMD simulations were then performed at an elevated tempera-
ture of 350 K using a Nose thermostat to allow fast equilibration. At least 
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