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Anion-intercalation lithium metal batteries (AILMBs) are appealing due to their
low cost and fast intercalation/de-intercalation kinetics of graphite cathodes.
However, the safety and cycliability of existing AILMBs are constrained by the
scarcity of compatible electrolytes. Herein, we showcase that a difluoroester
can be applied as electrolyte solvent to realize high-performance AILMBs,
which not only endows high oxidation resistance, but also efficiently tunes the
solvation shell to enable highly reversible and kinetically fast cathode reaction
beyond the trifluoro counterpart. The difluoroester-based electrolyte
demonstrates nonflammability, high ionic conductivity, and electrochemical
stability, along with excellent electrode compatibility. The Li| |graphite AILMBs
reach a high durability of 10000 cycles with only a 0.00128% capacity loss per
cycle under fast-cycling of 1A g™, and retain ~63% of room-temperature
capacity when discharging at —65 °C, meanwhile supply stable power output
under deformation and overcharge conditions. The electrolyte design paves a
promising path toward fast-rate, low-temperature, durable, and safe AILMBs.

Facing formidable environmental challenge, substantial progress in
battery technology is paramount for enabling a transformative shift in
energy paradigms, ultimately aiming for a society with reduced carbon
footprints. As a promising candidate for next-generation battery sys-
tem that offers higher energy density, lithium (Li) metal batteries
(LMBs) are highly pursued owing to the unparalleled theoretical spe-
cific capacity (3860 mAhg™) and the lowest redox potential (-3.04 V
vs. standard hydrogen electrode) of Li metal anodes'. However, the
practical implementation of LMBs has been plagued by the prevailing
transition metal oxide-based cathodes, which not only suffer from high
costs and raise concerns of an economically and geopolitically con-
strained supply, but also exhibit sluggish intercalation/de-intercalation
kinetics and limited lifespan arising from cathode structure dete-
rioration (e.g., transition metal dissolution, gas evolution)*. The later
issues will be further exacerbated under fast-rate and low-temperature
operating conditions®. Therefore, it is essential to eliminate transition

metal elements from cathode materials and thus, re-design battery
chemistry for the developments of LMBs. In this regard, anion-
intercalation LMBs (AILMB) have emerged by replacing the Li*-hosting
transition-metal oxide cathodes with cost-efficient graphitic carbons
as anion hosts>®. In contrast to the “rocking-chair” mechanism in tra-
ditional LMBs based on transition-metal oxide cathodes, the simulta-
neous redox process on both the anion-intercalation cathode and
cation-plating anode in AILMBs potentially weakens the de-solvation
barrier, endowing this battery system with fast-rate and low-
temperature characteristics’. However, the high operating voltage (5
V-class vs. Li/Li*) of the anion-intercalation chemistry at graphite
cathodes causes irreversible side reactions with conventional electro-
lytes, leading to the formation of high-resistance cathodelelectrolyte
interphase (CEI) on the cathode surface which seriously inhibits anion
insertion®'°, Moreover, the substantial and repeated cathode volume
change (>130%) and the co-intercalation of solvent molecules trigger
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an exfoliation of graphite layers during cycling, significantly deterior-
ating the graphite cathode structure®. As for the Li metal anode, the
fragile solid electrolyte interphase (SEI) and uncontrollable dendrite
growth during cycling results in low Coulombic efficiency (CE) and
even catastrophic safety issues (e.g., internal short circuit)>**". These
drawbacks lead to the degraded cycle life and serious self-discharge in
existing AILMBs®"*,

Electrolyte engineering is promising for enhancing the electrode|
electrolyte compatibility, thereby achieving durable AILMBs. Ether-
based electrolytes have been widely employed in traditional LMBs due
to their relatively low reactivity with Li metal°. Nevertheless, they are
incompatible with anion-intercalation cathodes because of their
intrinsic oxidative instability at high voltage (<4 V vs. Li"/Li)*". In
contrast, linear carbonates represented by ethyl methyl carbonate
(EMC) endow a reversible anion intercalation/deintercalation on gra-
phite cathode in AILMBs. However, the safety concerns originating
from their high flammability, the insufficient stability of linear carbo-
nates toward Li metal anode together with solvent co-intercalation on
the cathode, remain to be solved®”. Although applying high-
concentration salt can alleviate above issues via reducing the propor-
tion of free solvent molecules, the high salt cost along with high
viscosity and poor electrode wettability of such concentrated elec-
trolytes significantly restrict the application feasibility’**. Recently,
ester solvents have been widely utilized to enhance the low-
temperature and fast-charging performance of Li-ion batteries bene-
fiting from their low freezing points and low viscosities>*. However,
their poor compatibility with Li metal anode and limited oxidation
stability (<4.7 V vs. Li"/Li) greatly block their application in AILMBs?**; to
the best of our knowledge, the esters have not been reported as a
solvent in AILMB system yet. Thereby, designing highly compatible
electrolyte systems for safe, durable, fast-charging, and low-
temperature AILMBs remains a significant challenge.

Herein, we systematically investigated a family of fluorinated
esters as the solvent for the electrolytes of AILMBs. Our findings reveal
that fluorination to ester molecules effectively enhances both the anti-
oxidative property and stability with Li anode. Unexpectedly, as ver-
ified by computational modeling and experimental results, compared
with the trifluoro (-CF3) counterpart, the difluoroester (-CHF,) effec-
tively attenuates the anion-solvent interactions, thereby reducing
corresponding anion de-solvation kinetic barrier and suppressing
solvent co-intercalation into graphite cathodes. This balanced elec-
trolyte design enables highly reversible and kinetically fast anion
intercalation. The difluoro 2,2-difluroethyl acetate (DFEA)-based elec-
trolyte demonstrates high ionic conductivity (7.2mScm™, 25°C),
remarkable electrochemical stability (up to 5.5V vs. Li"/Li), excellent
compatibility with the Li metal anode and high safety without com-
bustion concerns. Under fast-cycling condition of 1Ag™, the as-
developed AILMB exhibits record-high durability of 10,000 cycles with
a capacity retention of 88.0% (with negligible capacity fade of
0.00128% per cycle only), much beyond the reported LMBs based on
LiFePO4 (LFP) or LiNipgC0giMngi0, (NCMS8I11) cathodes. More
importantly, this AILMB remains ~63% of room-temperature (RT, 25 °C)
capacity when discharging at —65 °C, and offers steady power output
of pouch cells under abusive conditions (e.g., deformation and over-
charge). This work represents a significant advancement in LMB per-
formance and is particularly advantageous for applications in extreme
conditions (e.g., fast-charging electric vehicles, aerospace and polar
region devices).

Results

Screen of ester solvents and investigation on anion-intercalation
It is known that despite the merits including appropriate dielectric
constant (6.02), low viscosity (0.45mPas), and low melting point
(-84 °C)*, ethyl acetate (EA) exhibits large overpotential and poor Li
stability in LMBs originating from the high de-solvation energy and the

inability to form a protective SEI, respectively?. Besides, as seen from
inset of Fig. 1a, the 1.2 M LiPF¢ salt in EA electrolyte demonstrates high
flammability with a self-extinguishing time (SET) of 110 s g* due to the
high volatility of EA solvent. More seriously, the EA-based electrolyte
fails to support the anion-intercalation chemistry on the graphite
cathode. During the initial charging process at 20 mAg™ (0.2 C) in an
AIMIB, this electrolyte exhibits an abnormal charging profile, char-
acterized by a large irreversible charging capacity and an inability to
reach the cutoff voltage of 5.2V, which can be attributed to the con-
tinuous electrolyte decomposition (Fig. 1b, left panel). No distinct
position change of the graphite (002) peak is observed in the X-ray
diffraction (XRD) pattern (Fig. 1b), suggesting a constant graphite
d(002) spacing (0.336 nm, Fig. 1c) caused by the blocked PF¢™ anion
intercalation by the tick, non-uniform CEI as oxidative product of
electrolyte (5.7 to 8.1nm, Fig. 1c). To tackle this issue, the terminal
methyl group (-CH3) of the EA molecule was functionalized to an
electron-withdrawing -CF5 group, thereby enhancing both the Li metal
compatibility and anti-oxidative stability (Fig. 1d). The as-obtained
1.2 M LiPFg salt in 2,2,2-trifluoroethyl acetate (TFEA) electrolyte deli-
vers nonflammable properties with a SET of O's (inset of Fig. 1d). Fur-
thermore, the TFEA-based electrolyte facilitates a reversible anion
intercalation into/de-intercalation from the graphite host, as evi-
denced by the multiple voltage plateaus on the charge-discharge curve
with a CE of 53.8% (the left panel of Fig. 1e) and redox peaks during the
initial cyclic voltammetry (CV) curve (Supplementary Fig. 1a). Notably,
the d(002) diffraction peak of graphite cathode progressively shifts to
23.9° (i.e., an interlayer spacing of 0.373 nm) upon charging to 5.2V,
whereas for the fully discharged state, the appearance of a distinct
shoulder peak at lower angle implies incomplete PF4~ extraction or
graphite expansion caused by solvent co-intercalation (the right panel
of Fig. 1e and Supplementary Fig. 2). This phenomenon was verified by
the irreversible lattice structure change of the distorted graphite
cathode after 1st cycle, even though a thinner (-2.8 nm) and more
uniform CEl is formed compared to the EA-based electrolyte (Fig. 1f).
As revealed by the in-depth X-ray photoelectron spectroscopy (XPS)
analysis, the graphite cathode after tested in EA electrolyte displays
increasing amounts of organic species including C-O, C=0, ROCO,Li
and Li,CO3 (Supplementary Fig. 3a), as the accumulated decomposi-
tion products of EA solvent. Besides, large amounts of LiF and Li,PO,F,
species are observed in the core F 1s spectrum due to the LiPFq
decomposition (Supplementary Fig. 4a). In contrast, the TFEA elec-
trolyte achieves reduced amount of these components for the cycled
cathode (Supplementary Figs. 3b and 4b), confirming alleviated side
reactions between the electrolyte and graphite electrode.
Subsequently, the degree of fluorination was tuned by transi-
tioning from -CF5 groups to -CHF,, resulting in a more stable solvent,
DFEA (Fig. 1g). The asymmetric -CHF, group contains a local dipole,
which enhances Li* solvation and reduces PF¢ coordination compared
to the symmetric -CF5 group, as discussed later. The commonly used
fluoroethylene carbonate (FEC, 10 wt%) was added to the 1.2 M LiPFg¢
salt in DFEA electrolyte (Supplementary Fig. 5), henceforth referred to
as DFEA-based electrolyte. In addition to inheriting the high non-
flammability from the TFEA (inset of Fig. 1g), the DFEA-based electro-
lyte enables a reversible anion de-/intercalation process on the gra-
phite host (Supplementary Fig. 1b, c¢) with an improved CE of 82.0%
(the left panel of Fig. 1f). The interlayer spacing of the graphite cathode
expands to 0.370 nm at the fully charged state, and reversibly reverts
to 0.337 nm upon discharging to 3.0V (Fig. 1h and Supplementary
Fig. 2). This illustrates that the application of DFEA solvent efficiently
precludes solvent co-intercalation. The transmission electron micro-
scope (TEM) image shows that the high resistance of DFEA to oxidation
contributes to an in situ construction of a uniform and thin (-1.4 nm)
CEI with reduced resistance for ion migration (Fig. 1i). The uniformity
stability of the formed CEI was further verified by the XPS depth pro-
filing, showing no obvious evolution in the LiF and Li,PO,F, contents as
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Fig. 1| Investigation of esters on anion-intercalation. Molecule structure and
characteristics of (a) EA, (d) TFEA and (g) DFEA. Combustion tests for electrolyte
samples are shown in the insets. Intensity contour maps obtained from the ex-situ
XRD patterns of Lil |graphite cells during initial charge-discharge processes at

i b
0.337 nm

20 mA g™ using (b) EA, (e) TFEA and (h) DFEA (with 10 wt% FEC) electrolytes. The
corresponding voltage-testing time curves are shown on the left panels. TEM
images of the graphite cathodes after the 1st cycle in (c) EA, (f) TFEA, and (i) DFEA
(with 10 wt% FEC) electrolytes.

the etching time was increased (Supplementary Fig. 4c). In addition,
amounts of products derived from solvent decomposition was sig-
nificantly reduced (Supplementary Fig. 3¢). All these verify the super-
iority of DFEA in developing durable AILMBs.

Electrochemical performance of the anion-intercalation Li metal
batteries

Li| |graphite AILMBs were assembled to assess their cycling perfor-
mance under a high cycling current density of 1 A g™ (corresponding to
10 C, 1C =100 mAh g™ based on the mass of graphite active material)
at 25 °C. Li| ILFP LMBs using a commercial electrolyte of 1.2 M LiPF salt
in ethylene carbonate (EC)/diethyl carbonate (DEC) (denoted as EC/
DEC electrolyte) were used for performance comparison (Fig. 2a). It is
seen that the Li| |LFP cell exhibits a 47.6% capacity retention after 3000
cycles (Supplementary Fig. 6), associating with a huge polarization
increase upon cycling (Supplementary Fig. 7a). The AILMB with TFEA
electrolyte delivers an initial discharge capacity of -85.7 mAh g™, which
gradually declines to -24.1mAhg? at the 500" cycle (Fig. 2a, b),
accompanied by a noticeable growing polarization (Supplementary
Fig. 7b) and low CE. This short lifetime is primarily caused by structural
deterioration of graphite cathode (Supplementary Fig. 8a, seen from
the wrinkled thin sheets) caused by solvent co-intercalation. In sharp
contrast, the DFEA-based electrolyte effectively alleviates the rise in
cell polarization (Supplementary Fig. 7c), ensuring the preservation of
voltage platforms with minimal deviation upon cycling. Furthermore,
the average CE is as high as ~99.7% over 10,000 cycles, benefiting from

the protective effect of interphases on both the graphite cathode and
the Li metal anode. Notably, the cycled graphite electrode displays a
well-maintained structural integrity with laminar microstructure
(Supplementary Fig. 8b). Consequently, the AILMB operates stably for
10,000 cycles with a capacity retention of 88.0% and negligible capa-
city fade of 0.00128% per cycle. To the best of our knowledge, this
work shows improved fast-cycling stability compared to LMBs based
on LFP or NCMS8I1 cathodes and other AILMBs (Supplementary
Table 1).

Furthermore, cells employing the DFEA-based electrolyte
demonstrate an exceptional rate performance (Fig. 2c and Supple-
mentary Fig. 9a), with retentions as high as ~93.0%, ~89.7%, and -83.4%
of the maximum capacity at 0.5 A g™ when the cycling rate increases to
6Ag?, 7Ag™, and 8 Ag™, respectively (Fig. 2d). This remarkable ultra-
fast rate capability suggests that the PF4 anion de-/intercalation pro-
cesses from/into the graphite cathode is facile and highly reversible in
the DFEA-based electrolyte. In contrast, the TFEA electrolyte provides
rapid capacity decay at current densities higher than 1A g™, associated
with an increased cell polarization (Supplementary Fig. 9b). Although
LFP-based LMB is capable of achieving higher capacities at low current
rates (i.e., 0.1-1A g™), the reversible capacity is much inferior to that of
AILMB when the current density exceeds 1.5Ag", with capacity
retention of only 39% and 36.5% at 7Ag™” and 8 Ag™, respectively
(Fig. 2¢, d). The rapid capacity decay is ascribed to the growing cell
polarization with increased current density (Supplementary Fig. 9c).
The AILMB delivers a substantially shorter charging time of ~5.5 min to
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Fig. 2 | Electrochemical performance of the anion-intercalation Li metal bat-
teries. a Long-term cycling performance of Li |graphite AILMBs (using TFEA and
DFEA-based electrolytes) and Li| [LFP LMB (using EC/DEC electrolyte) at 1A g after
three activation cycles at 20 mA g™. Inset is the Coulombic efficiency. b Typical
charge-discharge curves of AILMBs using TFEA and DFEA-based electrolytes. ¢ Rate

performance and (d) corresponding capacity retention at various current densities
from 100 mA g™ to 8 Ag™ for AILMBs and LFP-based LMBs. e Comparisons of

charging time for our AILMB and LMBs based on the LFP and NCM811 cathodes, at
90% SOC and 100% SOC, respectively. f Potentiostatic profiles of AILMBs with TFEA
and DFEA-based electrolytes maintained at 5.1, 5.2, and 5.3 V for 10 h, subsequently.

reach a 100% state-of-charge (SOC, i.e., the maximum reversible
capacity), compared to ~1.4 h and ~1.8 h required for the LFP-based and
NCM 8ll-based LMBs (Supplementary Fig. 10), respectively. The
charging time of this AILMB can be further reduced to within 1 min
when reaching a 90% SOC (Fig. 2e). These results suggest that the
anion-intercalation cathode chemistry effectively enhances the high-
rate capability of LMBs, which is among the best performance reported
for fast-charging LMBs (Supplementary Table 2).

The parasitic reactions on the graphite surface of AILMBs at
charged state were further examined by potentiostatic tests (Fig. 2f).
The cells were pre-cycled at 20 mA g™ for three cycles, followed by
charged to and maintained at a constant voltage of 5.1, 5.2, and 5.3 V for
10 h, subsequently. Notably, as the voltage is raised, the cell with TFEA
electrolyte exhibits much higher leakage currents compared to that
with the DFEA-based electrolyte. The AILMB with TFEA-based elec-
trolyte displays a leakage current of ~0.03 mA at 5.3V, mainly attrib-
uted to the serious side reactions between graphite cathode with co-
intercalated solvent. In contrast, the DFEA-based electrolyte effectively

stabilizes the graphite cathode even at 5.3V. Above excellent long-
term durability and ultrafast-cycling capability infer that the DFEA-
based electrolyte greatly facilitates the electrode reaction kinetics in
AILMBs.

Physicochemical properties and coordination chemistry of
electrolytes

Density functional theory (DFT) simulations were conducted to assess
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies of EA, TFEA, and DFEA
solvent molecules with various degree of fluorination. As depicted in
Fig. 3a, TFEA (-8.1eV) and DFEA (-8.0eV) exhibit reduced HOMO
energy levels compared to EA (-7.7 eV), suggesting superior anti-
oxidative resistance due to the incorporation of electron-withdrawing
fluorine atoms into the solvent structure®. This result was further
confirmed by the anti-oxidative stability of electrolytes evaluated via
linear sweeping voltammetry (LSV) on a Pt electrode. As expected,
compared with the EA electrolyte with an oxidation potential of 4.6 V
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vs. Li/Li*, both TFEA and DFEA-based electrolytes remain stable up to
5.5V, satisfying the need of high-voltage anion-intercalation cathode
(Fig. 3b). Meanwhile, TFEA and DFEA also display a decline of LUMO
levels (-0.22 eV and -0.13 eV, respectively) compared with EA, bene-
fiting their preferential reduction on Li metal anodes to form robust
SEI layers. To verify the ion-solvent coordination environment in
electrolytes, the electrostatic potential (ESP) distribution of solvent
molecules (Supplementary Fig. 11) and binding energies of both Li*-
solvent complexes and PF¢-solvent complexes were calculated by DFT
(Fig. 3¢ and Supplementary Fig. 12a-c). It is seen that the DFEA mole-
cule exhibits stronger binding energy with Li* (-101.27 k) mol™ vs.
-96.46kJmol™) but weaker binding energy (-9.84kJmol™ vs.
-17.95 k) mol™) with PF¢~ compared to the TFEA. This is consistent with
the ESP results (Supplementary Fig. 11), suggesting a weakened DFEA-
PF¢ interaction which reduces the corresponding anion de-solvation
kinetic barriers and suppresses the co-intercalation of solvents during
the charging process of AILMB. In addition, the DFEA-Li" interaction is
enhanced due to the existence of local dipole on the -CHF, (Supple-
mentary Fig. 12d-h), which is similar to the recent report by Bao et al. >
Solvation energy (AGs,) values of the electrolytes were further deter-
mined using a homemade H-type cell to investigate the solvation
structures (Supplementary Fig. 13)*. The DFEA-based electrolyte
exhibits a much lower AG,, (2.83kJmol™) compared to the TFEA
electrolyte (10.64 k) mol™, Fig. 3c), further confirming the stronger

coordination between Li ions and DFEA, which promotes the Li salt
dissociation and thus gives rise to a higher ionic conductivity of DFEA-
based electrolyte (7.2mS cm™ at 25°C) than the TFEA-based electro-
lyte (2.5mS cm™ at 25°C). Moreover, the Li* transference number of
DFEA-based electrolyte (0.49, Supplementary Fig. 14 and Supplemen-
tary Table 3) is quite close to 0.5, which is beneficial to balance the
active ions in the AILMBs.

Raman vibrational spectroscopy was applied to get an in-depth
understanding of the electrolyte solvation structures (Fig. 3d). Two
peaks at approximately 741 and 749 cm™ are attributed to the solvent-
separated ion pair (SSIP, i.e., uncoordinated PF4") and the contact ion
pairs (CIPs, i.e., PF¢ ions interacting with one Li* ion)/aggregates
(AGGs, i.e., PFs ions interacting with two or more Li* ions),
respectively”. The peak at around 729 cm™ is assigned to the FEC
(Supplementary Fig. 15). Compared with the TFEA-based electrolyte,
the weaker CIP/AGG peak for DFEA-based electrolyte indicates that
PF¢™ anions predominately exist in the form of SSIP, enhancing the fast
ion transport. This can be further validated by molecular dynamics
(MD) simulations. The MD snapshot in Supplementary Fig. 16a reveals
that TFEA electrolyte displays a CIP/AGG-rich structure, where 1.22
PF¢~ coordinate to one Li* based on the radial distribution functions
result (Fig. 3e). In contrast, the difluoro DFEA facilitates a SSIP-rich
electrolyte structure (Supplementary Fig. 16b), with 0.35 PF4™ coordi-
nating to one Li* (Fig. 3e). Moreover, it is seen that the solvated PF4 is

Nature Communications | (2024)15:5408



Article

https://doi.org/10.1038/s41467-024-49795-9

a
——EC/DEC
0.45 0.3 0.1 ——DFEA
= 0.0 LMy
S 030
S 0.1
©
§ 0.15 1385 1390 2980 2985 2990 2995 3000
0.00
05mAcm2 0.5mAhcm™ tei
-0.15 4 T T T T T
0 500 1000 1500 2000 2500 3000
Time (h)
Current density (mA cm™)
b c 0.1 0.2 0.5 1 2 3 4 5 0.5
751 EC/DEC 06
504 . DFEA ’
< 03 ‘
c 251 th a ‘IHH‘||’H‘H|H‘|HIIH”
- 700 Qb AR TR Rl e R R AR RRARS il nnanaAann anananaanaaan
) 20 ''''''' T — T %00 | [ ------ qugauuaguuo
B 204 SEI Charge transfer | 2 """"""'lHHHH
= 203 ‘lmllllul\‘lllﬁ
10 i ——EC/DEC
B 100(h -0.64 —— DFEA
0 N . : . . . . 1 ! | ) | . .
-6 -5 -4 -3 -2 0 20 40 60 80 100 120 140 160 180 200
log (t/s)
d
41 43.70 KJ mol™
—_ 2-
% o 67.56KJ mol™
z
2! = Ec/DEC
@ DFEA
3.0 3.2 34 36
1000 T/ K™

Fig. 4 | Lithium plating/stripping behavior in different electrolytes. a Voltage
profiles of Li| |Li symmetric cells employing EC/DEC and DFEA-based electrolytes at
0.5mA cm™ with a cutoff capacity of 0.5 mAh cm™. b The corresponding DRT
results at the 100" (the upper panel) and 700™ (the lower panel) cycle. ¢ Voltage
profiles of Li| |Li symmetric cells under different rates. d Activation energies of Rge;

derived from Nyquist plots using EC/DEC and DFEA-based electrolytes. Top and
cross-sectional (shown as insets) FE-SEM images of the Li deposition obtained by
plating 1 mAh cm™ Li on Cu substrate at 0.2 mA cm2, using the Lil |Cu cells with (e)
EC/DEC and (f) DFEA-based electrolytes.

distinctly coordinated with the -CH3/CH, groups on the fluorinated
solvent molecules, confirming the synergetic solvation environment of
PF¢ (Fig. 3f). This result further verifies the balanced solvation affinity
and salt dissociation of DFEA-based electrolyte, which is expected to
achieve rapid de-solvation and fast ion migration of both PF4~ and
Li* ions.

Interfacial compatibility between electrolyte and the Li

metal anode

The Li plating/stripping cycling behavior was investigated using Li| |Li
symmetric cells at a constant current of 0.5 mA cm (Fig. 4a). The cell
employing EC/DEC electrolyte exhibits a substantial increase in over-
potential upon cycling (302 mV at 1400 h), in stark contrast to the
lower overpotential and extended lifespan (16.5mV at 3000 h)
achieved in the DFEA-based electrolyte (inset in Fig. 4a). Electro-
chemical impedance spectra (EIS) of symmetric Li| |Li cells were con-
ducted upon cycling to monitor the interfacial resistance, and thus, the
distribution of relaxation times (DRT) analysis was derived. The peak
located at -107° to 107 s represents the SEI, while the peak at ~10™ to
1072s is related to transfer process™?. It is seen that the integrated area

of these two peaks for the cell using EC/DEC electrolyte increases
remarkably with cycling (insets in the Fig. 4b and Supplementary
Fig. 17), which is attributed to the thickening of highly resistive SEI on
the Li metal and thus leading to rapid cell failure. On the contrary, the
cell with DFEA-based electrolyte exhibits much smaller integral area
values with slight variations as cycling, primarily due to the formation
of a stable and highly conductive SEI against detrimental parasitic
reactions (Fig. 4b and Supplementary Fig. 17). Moreover, the ability of
the DFEA-based electrolyte to stabilize Li metal becomes more pro-
nounced when increasing the plating/stripping current densities. At an
improved current density of 1mAcm™ with a cycling capacity of
1mAh cm™, a reduced lifespan is observed for the symmetric cell with
EC/DEC electrolyte, with the overpotential rising to 777 mV after only
750 h (Supplementary Fig. 18). Impressively, DFEA-based electrolyte
exhibits much smaller overpotential and negligible fluctuation upon
repeated plating/stripping processes (-80.0 mV at 1660 h). Moreover,
upon further increasing the plating/stripping areal capacities, the Li| |Li
cells employing DFEA-based electrolyte still demonstrate significant
improvements in the cycling capability with areal capacities of
3mAh cm™(930 h and 300 h at 1 mA cm™ and 3 mA cm?, respectively)
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are displayed in the insets. Force-displacement curves of the SEI derived from (e)
EC/DEC and (f) DFEA-based electrolytes. The corresponding 3D AFM scanning
images of the SEI are shown in the insets.

and 4mAhcm™ (730h and 500h at ImAcm? and 2mAcm?
respectively; Supplementary Fig. 19). These results represent a com-
pelling advancement comparable with reported electrolytes (Supple-
mentary Table 4). The LillLi cell with DFEA-based electrolyte
consistently exhibits low and stable overpotential within a wide range
of current densities from 0.5 to 5mA cm™2, while substantial voltage
fluctuation emerges in the cell using EC/DEC commercial electrolyte,
especially when increasing the current density to 5 mA cm™ (Fig. 4c).
This further confirms that the DFEA-based electrolyte enables fast Li*
migration and robust SEI formation.

EIS measurements of the Li| |Li cells after 20 cycles were con-
ducted at various temperatures, and subsequently fitted by an
equivalent circuit to calculate the activation energy (E,) values (Sup-
plementary Fig. 20 and Supplementary Table 5). It is seen that £, values
of SEI (Rs;) and charge transfer (R.,) resistances of the cell using DFEA-
based electrolyte are much lower than that using EC/DEC electrolyte
(43.70 vs. 67.56 kl mol™, Fig. 4d; and 48.19 vs. 68.06 k] mol™, Supple-
mentary Fig. 21, respectively). The former indicates that the SEI derived
from DFEA-based electrolyte is advantageous for rapid Li* transport,
meanwhile the later verifies that the DFEA-based electrolyte facilitates
Li* de-solvation from the ion pairs. The stability of the electrolytes
toward Li metal anodes was further estimated by the average Li plat-
ing/stripping Coulombic efficiency (CE,yg) of Lil |Cu asymmetric cells®.
The CE,.z of DFEA-based electrolyte (99.0%) is dramatically higher

than the cell using EC/DEC electrolyte (81.4%, Supplementary Fig. 22).
This phenomenon is associated with the Li deposition morphology on
Cu foil presented by field emission scanning electron microscope (FE-
SEM). As observed from Fig. 4e, the EC/DEC electrolyte shows a highly
loose and dendritic Li deposition structure with a thickness of 18.7 pm,
far exceeding the theoretical value (about 4.85 um) and leading to the
low CE,yg. In comparison, the DFEA-based electrolyte contributes to a
compact Li deposit as aggregated large bulks, with a thickness
(approximately 6.8 um) quite close to the theoretical value (Fig. 4f).
This dendrite-free morphology is beneficial for achieving high CEyg
and long Li cycling stability.

The microstructures of SEI shells onto a Cu grid from Li| |Cu cells
(after 20 cycles and finishing with a charge process) were character-
ized via TEM. As displayed in Fig. 5a, for the SEI forming in the presence
of EC/DEC-based electrolyte, Li,O ((111) plane, 2.74 A) and Li,CO5 ((111)
plane, 3.1A) nanoparticles dispersing within an amorphous SEI matrix
mainly resulting from the decomposition of EC/DEC solvents. Upon
cycling in the DFEA-based electrolyte (Fig. 5b), in contrast, the lattice
spacing of 2.05 and 2.36 A are well matched with the (200) and (111)
crystal planes of LiF nanoparticles. This LiF-rich SEI is believed to sta-
bilize the Lilelectrolyte interphase, and promote uniform Li plating
during cycling. Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) characterizations were further performed to verify the compo-
sition/structural evolution of the SEL It is seen that in the EC/DEC
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electrolyte, C,H™ (mass charge ratio (m/z) =25, as fragments of the
organic products, Fig. 5¢) and LiF,™ (m/z =45, fragment of LiF, Fig. 5d)
signals were clearly observed throughout the 400 s-depth profiling,
suggesting the formation of a thick SEI with the layer thickness
exceeding 80 nm. However, the intensity of C,H™ and LiF,” almost
disappeared in DFEA-based electrolyte after sputtering for 35s and
90s, respectively. This indicates that the DFEA-based electrolyte
contributes to a thinner SEI (around 18 nm) enriched in LiF, facilitating
both rapid transport and uniform deposition of Li*. The roughness and
thickness of the SEI were examined by atomic force microscopy (AFM).
As demonstrated in the inset of Fig. Se, the plated Li in EC/DEC elec-
trolyte exhibits a rough surface with an average roughness of ~290 nm,
considerably higher than the value of -80.9 nm in the DFEA-based
electrolyte (inset of the Fig. 5f). In addition, the Young’s modulus of the
SEI derived from the DFEA-based electrolyte (1500 MPa, Fig. 5f) is
much higher than that formed in the EC/DEC electrolyte (749 MPa,
Fig. Se), mainly attributes to the abundant LiF species with high shear
modulus (-55.1 GPa, nearly 11 times higher than that of Li metal®) as the
decomposition product of both LiPF salt and fluoride solvent in the
SEL. This robust LiF-enriched SEI in the DFEA-based electrolyte is
advantageous for improving the interfacial energy and durability
against the dramatic volume change during cycling®, thus resulting in
the superior Li plating/stripping performance in Fig. 4. Notably, it is the
combined effect of FEC and DFEA that endows the Lil |Li cell with long-
term cycling stability (Supplementary Fig. 23a, b). Both FEC and DFEA
solvent contribute to the LiF-rich SEI on the Li metal, while the FEC
addition effectively suppress the excessive decomposition of DFEA
solvent (Supplementary Figs. 24 and 25). Furthermore, it is the DFEA
solvent, rather than the FEC addition, that supports the reversible
cathode reaction (Supplementary Fig. 23c, d).

Low-temperature performance and battery safety evaluation

The ionic conductivities of the EC/DEC and DFEA-based electrolytes
were compared to verify the feasibility of DFEA-based electrolyte in
developing low-temperature AILMBs. As expected, the DFEA-based
electrolyte exhibits high ionic conductivity (0.1-10.9 mS cm™) across a
wide range of temperature (-60 to +60 °C, Supplementary Fig. 26),
mainly due to its wide liquid range (as seen from the differential
scanning calorimetry (DSC) measurement in Fig. 6a, where no phase
change is observed within the temperature range from -80°C to
+90 °C) and balanced solvation affinity. In contrast, the EC/DEC elec-
trolyte experiences a sudden decline in the ionic conductivity as the
temperature drops below —20 °C, attributing to the electrolyte solidi-
fication which can be validated by the two distinct endothermic peaks
at around -2.4°C and -17.2°C in the DSC curve (Fig. 6a). The low-
temperature cycling performance of Li|DFEA-based electrolyte|gra-
phite AILMB and Li[EC/DEC electrolyte|LFP LMB were assessed at
-20°C, employing the constant-current-constant-voltage (CCCV)
model for charging process with a current density of 100 mA g, fol-
lowed by discharging at 500 mAg™. (Fig. 6b). The AILMB yields a
remarkable cycle stability with a remaining capacity of ~-80 mAh g™
over 3000 cycles without capacity degradation, the low-polarization
voltage curves indicating a fast and reversible reaction kinetics of PF¢”
and Li* at low temperature (Supplementary Fig. 27a). Even at an ultra-
high discharge current density of 8 Ag™ (i.e., 80 C) under —20 °C, the
AILMB retains 87.7% of its maximum capacity at 0.LAg™ (Supple-
mentary Fig. 28). The conventional Li| |LFP LMB, however, delivers a
low reversible capacity of only -34.0 mAh g in the initial cycle (Sup-
plementary Fig. 27b), and subsequently suffers from battery failure
within 4 cycles due to electrolyte freezing (Inset of Fig. 6b). It is noted
that even changing the conventional carbonate-based electrolyte to
ether-based electrolytes (Supplementary Fig. 29), the Li| [LFP LMB still
exhibits much lower reversible capacity in comparison with AILMB
using DFEA-based electrolyte at —20 °C. Above findings indicate that
the fast migration/reaction kinetics of both cations and anions in

AILMB:s is pivotal in enhancing low-temperature applicability of LMBs.
Moreover, the AILMB with DFEA-based electrolyte was cycled at var-
ious temperatures, as displayed in Fig. 6¢. The AILMB retains 97%, 89%,
81%, 72%, 68%, 61%, and 51.5% of its RT capacity when cycled at 10, O,
-10, -20, -30, -40 and -50 °C, respectively. The clear discharge pla-
teaus from charge/discharge curves at —50 °C illustrate the fast elec-
trode reaction kinetics (Supplementary Fig. 30). Notably, when
charging at RT followed by discharging at -65 °C, the cell still retains
~63% of its RT capacity (inset of Fig. 6¢). Furthermore, the capacity of
the AILMB with DFEA-based electrolyte successfully recovers to 100%
and 98.3% of its RT capacity when the testing temperature is reverted
to 25 and 45 °C, respectively, reflecting the applicability of this battery
system under wide temperature range. Besides, critical parameters
(e.g., the capacity ratio between the anode and cathode (N/P ratio)) in
cell evaluation should be reduced for practical considerations®. It is
seen that the AILMB exhibits a high capacity retention of ~93.0% with
minimal cell polarization throughout 500 cycles under N/P ratio of -5.7
(Supplementary Fig. 31a), and it can sustains 140 cycles with ~90.7%
retainable capacity under N/P ratio of 2.0 (Supplementary Fig. 31b).

Single-layer pouch cells comprising graphite (9 mgcm™) or LFP
(8 mgcm™) cathodes, and Li foil anodes with a thickness of 50 pm,
were constructed to assess the cell safety and reliability under abusive
conditions. The anion-intercalation Li| |graphite pouch cell employing
the DFEA-based electrolyte exhibits excellent cycling performance
with 92.2% capacity retention after 300 cycles (charge at 1C and dis-
charge at 2 C, Fig. 6d), in stark contrast to the fast capacity degradation
for the Li| [LFP pouch cells (Supplementary Fig. 32). Beyond this, the
AIMIB pouch cell consistently powered a light-emitting diode under
bending, folding and even rolling (insets in Fig. 6d), owing to the
robust interphases on both cathode and anode against violent shape
deformation. More importantly, the total exothermic heat generated
from the delithiated LFP with EC/DEC electrolyte is as high as
461.12) g™* (Fig. 6e), which is believed to be the origin of a succession of
exothermic reactions that lead to uncontrollable battery thermal
runaway***. Unexpectedly, the charged graphite cathode with DFEA-
based electrolyte exhibits an endothermic peak during the DSC test
(Fig. 6e). This finding is consistent with previous report®, clearly
indicating the high thermal stability of the charged C,(PF¢) cathode
has been distinctively improved by the protective CEI layer derived
from DFEA-based electrolyte. To further assess the safety of the DFEA
electrolyte-based AILMB, an overcharge abuse test was carried out by
charging the pouch cells from open circuit voltage (OCV) to 9V at a
rate of 20 mV s (Fig. 6f). Clearly, the current density of the LFP-based
LMB increases abruptly from 6.5V, accompanied by an elevated skin
temperature of 49.9 °C at a voltage of around 7.8 V (upper-panel insets
of Fig. 6f), typically triggered by the decomposition of the electrode
interphases under thermal abuse. The AILMB utilizing the DFEA-based
electrolyte, in contrast, exhibits superb overcharging resistance up to
9 V without obvious change in current density, as evidenced by the low
skin temperature less than 35 °C (lower-panel insets of Fig. 6f). Such a
high overcharge resistance is primarily attributed to the superior anti-
oxidative stability of the DFEA-based electrolyte, the robustness of the
protective CEI formed on the graphite cathode, as well as the intrinsic
stability of the C,(PF¢) structure. Above results well-support the
dependability of our AILMB under extreme working conditions.

Furthermore, a 440 mAh Li| |graphite multi-layer pouch cell was
packaged, with the specific energy being calculated as ~141.7 Wh kg™
(Supplementary Fig. 33 and Supplementary Table 6). Moving forward,
it is imperative to conduct further research on modifying graphite
cathodes (e.g., surface treatment, doping), optimizing electrolytes
(e.g., anions with smaller sizes, multivalent anions with more charge
numbers, and solvent with lower density), and refining engineering
issues, to improve the specific energy of AILMBs without compro-
mising their superior fast-cycling, low-temperature, and safety
characteristics.
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Fig. 6 | Electrochemical performance of anion-intercalation Li metal batteries
under low-temperature and abusive conditions. a DSC cooling and heating
curves of EC/DEC and DFEA-based electrolytes. b Long-term cycling performance
of the AILMB (using DFEA-based electrolyte) and the LFP-LMB (using EC/DEC
electrolyte) at —20 °C, employing the CCCV model for charging process with a
current density of 100 mA g, followed by discharging at 500 mA g™. Insets show
the Coulombic efficiency (upper panel) and the optical images of the electrolytes
after storage at —20 °C overnight (lower panel). ¢ Capacity retentions of AILMB
using DFEA-based electrolyte under various temperatures (45, 25, 10, 0, -10, -20,

Voltage (V vs. Li/Li*)

=30, -40 and -50 °C). Inset shows the discharge profiles when the cell is charged at
RT followed by discharged at RT or -65 °C. d Cycling performance of the 50 pm-
thick Li foil| |graphite pouch cell at a charge rate of 1 C and a discharge rate of 2 C.
Optical images of the LED powered by the pouch cell under various deformations
are shown in insets. e Heat generation of fully charged graphite and LFP cathodes
together with their respective electrolytes measured by DSC. f LSV curves and
corresponding infrared thermal imaging photographs (shown in insets) of the Lil |
graphite and Li| [LFP pouch cells at a scan rate of 20 mVs™ from OCV to 9 V.

Discussion

We developed a difluoroester-based electrolyte to realize ultra-fast,
long-term cycling stability of transition metal-free AILMBs under
extreme working conditions. Compared with the trifluoro counterpart,
the difluoroester as solvent effectively modulates the solvation struc-
ture by attenuating the anion-solvent interactions, thereby striking a
balance between the solvation affinity and salt dissociation of DFEA-
based electrolyte. This not only endows rapid de-solvation and fast
migration for both Li* cations and PF4™ anions to accelerate electrode
reaction kinetics, but also efficiently suppresses the co-intercalation of
solvent molecules to promote the cathode reaction reversibility. Our
DFEA-based electrolyte simultaneously possesses high ionic con-
ductivity, remarkable thermodynamically oxidative stability, excellent
Li metal cyclability, and high safety without the risk of combustion.
Morphological analysis and interphase investigations confirm the
formation of highly stable protecting interphases on both graphite
cathode and Li metal anode, contributing to a durability of 10,000
cycles (with negligible capacity fade of 0.00128% per cycle) at 1Ag™,

an excellent rate capability at 8 A g™ (with a retention of ~-83.4% of the
maximum capacity at 0.5Ag™), superior ultra-low temperature cap-
ability with ~63% of their RT discharge capacity at —65 °C, and abuse-
tolerant capabilities (e.g., robustness against deformation and over-
charge) for AILMBs. The electrolyte engineering proposed in this work
is anticipated to expedite the re-design of Li metal batteries, enabling
the adoption of cost-effective and environmental benign cathode
materials, therefore advancing the development of high-rate cycling Li
metal batteries under severe actual working conditions.

Methods

Electrolyte preparation

LiPFs (purity>99.95%) salt, FEC (purity>99.99%) solvent, EC
(purity =99.99%) solvent, and DEC (purity >99.99%) solvent were
purchased from Dongguan Shanshan Battery Materials Co., Ltd. EA
(purity >99.5%) solvent was obtained from Aladdin Bio-Chem Tech-
nology Co. Ltd. DFEA (purity 99%) solvent and TFEA solvent (purity
99%) were purchased from Shangfluoro. Before use, all solvents were
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further dehydrated using 4 A molecular sieves (provided by Sigma-
Aldrich) for 48 h. The electrolytes were prepared by dissolving 1.2 M
LiPFg salt in EA, TFEA, DFEA, and commercial EC/DEC (1:1 by volume)
solvents, respectively. 10 wt% FEC was added into the 1.2 M LiPF¢ in
DFEA electrolyte. All electrolyte preparations were conducted in an
argon-filled glove box with O, and H,O levels maintained
below 0.1 ppm.

Electrolyte characterizations

The Raman spectroscopy was conducted with a Micro-laser confocal
Raman spectrometer (Horiba LabRAM HR800, France) with a 532 nm
laser to investigation the solvation structure. In the combustion test,
1g electrolyte samples were poured into a stainless-steel dish, then
optical photographs and movies were recorded. The melting points of
the electrolytes were evaluated using differential scanning calorimetry
(DSC, MDTC-EQ-M06-01). The electrolytes were sealed in stainless-
steel crucible, weighed (15pL) and subjected to DSC measurement
with a ramp rate of 5°C min™. The ionic conductivities of different
electrolytes at various temperatures were determined from the EIS
results, obtained using two symmetrically placed stainless-steel elec-
trodes in the electrolyte. The test cells were equilibrated at each
temperature for at least 1h before EIS measurements. The electro-
chemical stabilities of the electrolytes were evaluated by LSV tests
conducted on a three-electrode system, with a sweep rate of 5mV s™. Li
foil served as counter and reference electrodes, while platinum foil was
used as the working electrode”. The onset of the oxidation current
density was defined as 30 pAcm™ and the potential values were
recorded. The solvation energy of electrolytes was evaluated using an
H-type cell, where symmetrical Li metal electrodes immersed in the
reference electrolyte (1.2 M LiPF¢-DEC) and the tested electrolyte were
connected by a salt bridge (3 M LiPF¢-EMC). The measured open circuit
potential (E.) determined the solvation free energy (AGs,), as illu-
strated below?:

—A Gsol

E @)

cell —

Where F is the Faraday constant.

To investigate the impact of the electrolyte on the long-term
durability of the Li metal anode, galvanostatic cycling of Li||Li sym-
metric cells was conducted at current densities of 0.5mAcm™? and
1mA cm?, respectively, with an areal capacity of 1 mAh cm™. The rate
capability of Li metal anode was assessed through repeated 1h
charge-1h discharge cycles at various current densities ranging from
0.5mAcm™ to 5mA cm™. For activation energy (E,) measurements,
symmetric Li | |Li cells with various electrolytes were cycled 20 times at
a current density of 0.5 mA cm™ with an areal capacity of 0.5 mAh cm™,
Subsequently, these cycled cells were subjected to temperature-
dependent EIS measurements at 278, 283, 288, 293, and 298 K. By
fitting the EIS data via an equivalent circuit, the SEI resistance (Rs;) and
charge transfer resistance (R.,) values were derived. The E, was then
calculated according to the Arrhenius equation as follows®**’:

— T Ea
k= EAexp(— ﬁ) 2)

where k denotes the rate constant, T is the absolute temperature, Ryes
corresponds to R, or R, A signifies the preexponential constant, and
Ris the standard gas constant. The CEs of Li deposition/stripping were
evaluated using Li | |Cu cells, based on the Aurbach’s CE test protocol®.
Initially, the Cu electrode was pre-deposited with Li metal at a capacity
of 5SmAhcm™ at a current density of 0.5mAcm™ and subsequently
stripped Li to 1V. Next, the Cu was deposited with 5mAh cm™ of Li to
form a Li reservoir (Qr). Afterwards, the cell underwent repeated
charge/discharge cycles with a capacity of 1 mAh cm™ (Qc) for n cycles,

followed by stripping all remaining Li reservoir to 1V (Qs). The average
CE (CE,yg) over n cycles can be calculated as follows™:

nQc + Qs

CEan = ”Qc + QT

©)

Battery assembly and characterizations

Metallic Li foils with thickness of 450 pm and 50 pm were purchased
from China Energy Lithium Co. Ltd (Tianjin, China). Thinner Li foils
with a thickness of 20 pm was purchased from Guangdong Canrd New
Energy. Graphite (SAG-R) and LFP were purchased from Shenzhen
Kejing Star Technology Co. Ltd. and Shenzhen Dynanonic Co., Ltd.,
respectively. Acetylene black and Super P were provided by Alfa Aesar.
Polyacrylic acid (PAA, MW 450,000) binder and poly(vinylidene
fluoride) (PVDF, MW 1,200,000) binder were purchased from Sigma
Aldrich and Arkema, respectively. N-methylpyrrolidone (NMP, purity
99.9%) was provided by Aladdin Bio-Chem Technology Co. Ltd.
NCMSI1 particles, 2032-type coin cells, and other battery materials
were provided by Guangdong Canrd New Energy. The graphite cath-
ode slurry was prepared by mixing graphite powder as the active
material, acetylene black and carbon nanotubes (CNT, TUBALL BATT
NMP) as conductive agents, and PAA as binder in a mass ratio of 85:
4.5:0.5:10, using NMP as the solvent. The LFP and NCM 811 slurry were
obtained by blending the active material, Super P and PVDF at a weight
ratio of 80: 10: 10. These homogeneous slurries were coated onto Al
foils with a doctor blade and dried at 80 °C. The dried electrodes were
punched into circular sheets with a diameter of 12 mm, and the average
mass loading of active material on each electrode was 2 + 0.5 mg cm™
The thickness was 33 + 4 pm for graphite electrodes and was 30 + 3 pm
for LFP and NCM 811 electrodes. The graphite electrode was further
dried at 150 °C, while the LFP and NCM8I1 electrodes were dried at
100 °C under vacuum overnight before cell assembly. The CR2032-
type coin cells, comprising the obtained electrodes and Li metals
(450 um), were fabricated in an Ar-filled glove box with O, and H,O
content below 0.1 ppm. A PVDF membrane (Merck Millipore Ltd., pore
size: 0.2 um) with a diameter of 19 mm was employed as the separator,
and the electrolyte/graphite ratio in each cell was set at around
60 pL mg™. Galvanostatic charge-discharge tests were carried outon a
Neware battery testing system. The Li|lgraphite, Li||LFP, Li||
NCMB8I1 cells underwent three formation cycles at a current density of
20 mA g™ Subsequently, the cells were cycled at a constant current of
1000 mA g within the voltage ranges of 3-5.2V (for Li||graphite),
2.5-43V (for Li| |LFP), and 2.8-4.4V (for Li| INCM811). The rate cap-
ability was assessed by varying the charge/discharge rate from
100 mA g™ to 8 Ag. Potentiostatic tests were performed on Li| |gra-
phite cells, which were charged to and maintained at constant voltages
of 5.1, 5.2, and 5.3V for 10 h each. The CV, LSV, and impedance mea-
surements were executed using the Bio-Logic potentiostat (VMP3). CV
tests of Li | |graphite cells were conducted at a scan rates of 0.1mVs™?,
while LSV tests were performed on a Ti working electrode at a sweep
rate of 5mV s™. Impedance measurements were carried out by apply-
ing a 10 mV potential amplitude within the frequency range from
100 kHz to 10 mHz. The DRT analysis was carried out using the DRT
tools developed by Francesco Ciucci et al.” For low-temperature
electrochemical tests, the Li||graphite or Li||LFP cells were initially
activated for 100 cycles at room temperature with a current density of
1000 mA g™. The cells were then transferred to a temperature cham-
ber allowed to equilibrate for 2 h to reach -20 °C, followed by cycling
under a CCCV model. Specifically, the cells were charged to 5.4V (Li||
graphite) and 4.5V (Li| |LFP), respectively, at 100 mA g™ and the vol-
tage was maintained until the charging current decreased to 10 mA g™,
followed by discharging at a constant current density of 500 mA g™. To
evaluate the capacity retention at various temperatures, after the
activation process depicted above, the cells were charged at
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200mAg? (45°C), 100mA g™ (45, 25, 10, 0, -10, -20°C), 20mA g™
(-30, -40°C) and 10mA™ (-50°C), respectively, using the CCCV
mode, followed by discharging at a constant current density of
100mAg™. The test at -65°C was conducted with RT-charge at
100 mA g™ using the CCCV mode, followed by discharging under
-65°Cat10mAg™.

Single-layer pouch cells were assembled utilizing the graphite
electrode or the LFP electrode as the cathode (cathode dimension:
50 mm x 40 mm), paired with a 50 pm-thick Li foil as the anode (anode
dimension: 52 mm x 42 mm). Al and Nickel strips were affixed to the
sides of cathode and anode, respectively, to serve as electrode tabs.
The mass loading of the cathode was 8-9 mg cm™. The N/P ratios were
~15.5 and -10.6 for the Li||graphite and the Li||LFP pouch cells,
respectively. A PVDF separator impregnated with 20 pL cm™ electro-
lyte was laminated and assembled into Al plastic film packages, which
were then sealed under vacuum. Subsequently, the cells were aged at
25°C for 12 h and degassed following the initial cycle. The assembled
pouch cells were pre-cycled between 3-5.2V at 20 mAg™. Subse-
quently, the pouch cells were charged at 100 mA g to 5.2V and dis-
charged at 200 mA g™. A 440 mAh Li| |graphite multi-layer pouch cell
with a N/P ratio of ~2.4 was packaged. The pouch cell was charged at
20 mA g using the CCCV mode, followed by discharging at a constant
current rate of 20 mA g™. The specific energy of the AILMB was cal-
culated as follows***:

Etan = Cran % Veen/(Meogar) “4)

where Ve and Cy are the average working voltage and the reversible
capacity of the full cell, respectively, m is the total weight based on
the sum of current collector, cathode, anode, separator and electro-
lyte. The weight of the packing cell bag is excluded from the specific
energy calculation due to our limited size of cell****. To assess the
overcharge-safety, the pouch cells were charged from the open circuit
voltage to 9V at a scan rate of 20 mVs?, and the infrared thermo-
graphy images of the pouch cells were captured using a FLIR ONE PRO.

Postmortem analysis of cycled batteries

The cycled cells were disassembled in a glove box. The electrodes were
rinsed with dimethyl carbonate (DMC) solvent several times to remove
residual electrolyte, and then dried in the antechamber under vacuum
of the glove box. Ex-situ XRD (Rigaku D/max-2500) with Cu Ka radia-
tion (\=1.5418 A), was conducted to investigate the crystal structure
changes during the initial charging and discharging processes. The
evolutions in the interphases and morphologies for the cathode
materials and Li metal anodes were studied using a field-emission
scanning electron microscope (FE-SEM, SU8010) and a transmission
electron microscope (TEM, FEI Tecnai G2 F30). X-ray photoelectron
spectra (XPS) was obtained using a PHI 5000 Versa probe Il spectro-
meter using monochromatic Al K(alpha) X-ray source. The depth
values in the XPS depth profiles were estimated from the calibrated
sputtering of SiO,. The collected spectra were calibrated based on the
C1s binding energy of 284.8 eV and analyzed using Multipak software.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was per-
formed on a Nano TOF-2 instrument (ULVAC-PHI, Japan) with a 30 kV
Bi; + + beam cluster primary-ion gun and Ar* beam (3 keV 100 nA) for
depth profiling with a sputtering rate of 0.2nms™ The surface
roughness and 3D morphologies of the cycled Li metal anodes were
characterized using atomic force microscopy (AFM, Bruker Dimension
Icon). To investigate the thermal stability of the charged electrodes,
the cells were pre-cycled twice and finally charged to 5.2V (Li| |gra-
phite) and 4.3 V (Li | ILFP), respectively. DSC samples were prepared by
scraping the dried electrode materials off the Al current collector, and
1mg of the material was sealed in a Mettler high-pressure stainless-
steel pairing with 3pL of electrolyte. The DSC measurement was

conducted from room temperature to 400 °C with a ramp rate of
5°Cmin™.

Computations

The ORCA software package was used to carry out DFT calculations,
with molecular geometries for the ground states optimized at the
B3LYP-D3/def2-TZVP level*. Molecular orbitals and ESPs were ana-
lyzed using Multiwfn and visualized through VMD*. MD simulations
were conducted here to investigate the solvation structures of above
electrolytes. Interactions between ions and molecules were described
based on the Optimized Potentials for Liquid Simulation All-Atom
(OPLS-AA) force field. All MD simulations were performed using the
LAMMPS software*®. The simulation boxes were constructed with
PACKMOL software*’. The molar ratios were taken from experiments
in this study. Each system commenced with energy minimization
employing the conjugate gradient algorithm, followed by a 1ns
Brownian dynamics at 500K to relax the system temperature and
randomize the initial shape of each component. Subsequently, a 10 ns
NpT equilibration at 298 K was conducted to ensure the equilibrium of
salt dissociations. A 20 ns NVT production run at 298 K and then per-
formed, with the final 5ns reserved for data analysis. The MD snap-
shots were visualized using Ovito software. A velocity-Verlet integrator
was employed to update the positions and forces of atoms with a
timestep of 1fs. To account for long-range interactions, a particle-
particle particle-mesh method was utilized, with a global cutoff of 12 A
established for both Lennard-Jones and Coulombic interactions. Peri-
odic boundary conditions were applied in all dimensions*®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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