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Engineering liquid electrolytes for lithium (Li)-metal electrodes has been
used to control the morphology of deposited Liin Li-metal batteries
(LMBs). However, the Li corrosion problem remains unresolved, hindering
the design of lean electrolytes for practical LMBs, which require the
electrolyte/capacity (£/C) ratiotobe 2 g Ah™ or lower. Here we report
aborate-pyran-based electrolyte to address the chronic Li-corrosion
problem. We discovered that the borate-pyran electrolyte transforms
large LiF crystallites in the solid-electrolyte interphase into fine crystalline
or glassy LiF, which enhances the passivity of the Li/electrolyte interface

by minimizing the permeation of electrolyte moleculesinto the solid-
electrolyte interphase. LMBs assembled with the borate-pyran electrolyte,
ahigh-nickel layered oxide cathode (3.83 mAh cm™) and thin lithium

(20 um) delivered a high initial full-cell-level energy density (>400 Wh kg™)
and operated for 400 cycles with 70% capacity retention at an E/Cratio of

1.92 g Ah™, 350 cycles with 73% capacity retention at1.24 g Ah™and
200 cycles with 85% retention at 0.96 g Ah™".

Lithium (Li) metalis the most targeted anode material for rechargeable
batteries'. However, repeated Li plating/stripping resultin the evolution
of aramified or rough structure with an expanded electroactive surface.
The roughening of the electrode accompanies the repeated collapse
and regeneration of a solid-electrolyte interphase (SEI), exhausting
theliquid electrolyteandLi,leaving aninactive Lilayer on the Li-metal
electrode surface®” and eventually leading to cell failure®.

Liquid electrolyte engineering for Li-metal anodes has aimed to
generate the SElforming flat and compact Li deposits and thus improv-
ing the reversibility of the Li anode. In particular, recently reported
high-concentration electrolytes (HCEs)*®, local high-concentration
electrolytes (LHCEs)"® and electrolytes with fluorinated solvents®'°
have been designed to form SEls in which desired components (for
example, LiF, Li,O, Li,S and LiN,O, crystallites or organic materials
with good physicochemical properties™) are uniformly distributed
via the preferential decomposition of certain electrolyte species (for
example, LiFSl or fluorinated solvents).

Although the electrolytes can extend the lifespan of Li-metal
batteries (LMBs) by regulating the morphology of deposited Li, the

constant consumption of the electrolyte by reaction with Li (referred
to as Li corrosion) hinders further progress’. As reported by Cui and
co-workers®, the recently developed electrolytes show similar or worse
corrosion properties compared to conventional electrolytes. Although
recentstrategies have partially resolved the morphological instability
of Li, they struggle to minimize Li corrosion. In particular, the large gap
in the electrolyte to capacity (E/C) ratio between LMBs (>2 g Ah™)!*
and Li-ion batteries (~1.3 g Ah™)” reveals that an excessive amount of
electrolyte is used to compensate for the electrolyte consumption of
the LMBs, whichreduces the advantage of their high potential energy
density. In this context, depositing dense Li with minimal Li corrosion
is considered a critical challenge (Fig. 1a).

Here wereportaborate-pyran-based electrolyte that can address
the chronicLicorrosion problem. Thiselectrolyte enablesaLMB witha
high initial full cell-level energy density (>400 Wh kg™) to operate for
400 cycles with 70% capacity retention at an E/C ratio of .92 g Ah™,
350 cycles with 73% capacity retention at 1.24 g Ah™ and 200 cycles
with 85% retention at 0.96 g Ah™, which exceeds the performances
of state-of-the-art lean electrolyte LMBs>", The key feature of the
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Fig.1|Electrolyte design principles for lean electrolyte LMBs with minimal
Licorrosion. a, A scheme of electrolyte design strategy of the borate-pyran
electrolyte. The conventional carbonate electrolyte exhibits dendritic Li
morphology and Li corrosiveness, leading to the depletion of both Liand the
electrolyte witharapid drop in cell capacity. Recently developed Li-compatible
electrolytes (for example, LHCE) exhibit a uniform Li morphology but still suffer
from electrolyte depletion due to persistent Li corrosiveness showing sudden

capacity drop. In contrast, the borate-pyran electrolyte not only maintains
auniform Li morphology but also limits Li corrosion by a restructured SEI,
mitigating the depletion of Li and the electrolyte and enabling extended cycle
life. b, A chemical process of SEl restructuring in the borate-pyran electrolyte.
Thereaction of BF;-THP formation from THP and BF,, and its reverse reaction
(thatis, dissolution of LiF by the BF;-THP) restructures LiF-containing SEl on Li
with the borate-pyran electrolyte.

electrolyte presented in this work is that it restructures large LiF crys-
tallites that areinitially formed in the SElinto fine crystalline or glassy
LiF to minimize Li corrosion in contrast with the prolonged Li corro-
sion occurring in conventional electrolytes (Fig. 1a). The minimized
Li corrosion via LiF restructuring reduces Li and electrolyte losses,
enabling the development of lean electrolyte LMBs. We propose a
mechanism for LiF restructuring that involves the boron trifluoride-
pyran adduct-mediated dissolution and re-precipitation of LiF in the
SEI (Fig. 1b).

Interphase restructuring in borate-pyran
electrolyte

The SEl structure is determined by the accumulation of insoluble
by-products of Li corrosion™'*'’, We used cryogenic transmission
electron microscopy (cryo-TEM), fast-Fourier transform (FFT) and
inverse FFT imaging to investigate the structural evolution of the SEI
on the Li-metal surface for a conventional carbonate and ether elec-
trolyte after Li plating and subsequent ageing for 12 h. As shown in
Fig.2a,b, a carbonate electrolyte (1 M lithium hexafluorophosphate
(LiPF,) in ethylene carbonate (EC):ethyl methyl carbonate (EMC) +
2 wt% vinylene carbonate (VC), denoted as LiPF, EC:EMC:VC) formed
amosaic-structured SEI containing LiF, Li,O and carbonate species,
consistent with the X-ray photoelectron spectroscopy (XPS) profiles
(Supplementary Fig. 1) and previous observations of the SEl formed
in carbonate solvents*?°. The carbonate electrolyte showed a 44.1%
increase in SEl thickness during ageing (Fig. 2c). Arecently developed
LHCE (lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane
(DME):1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE),
denoted as LiFSI DME:TTE) formed an amorphous SEl structure (Fig.
2a,b) with LiFSI-driven SEI components (LiF or sulfur species; Sup-
plementary Fig. 2), which was similar to the LiFSI and fluorinated

solvent-based electrolytes®®*. The LHCE showed an 88.1% increase
in SEl layer thickness during 12 h of Li passivation (Fig. 2c), indicating
afaster SEIgrowth thanthe carbonate electrolyte. Inaccordance with
previous observations®, Li corrosion caused anincrease in SEl thickness
for the carbonate and LHCE electrolytes, while the nanoscale SEI fine
structure hardly changed during the SEl evolution.

We propose an electrolyte, consisting of four components, that
can minimize Li corrosion: lithium tetrafluoroborate (LiBF,) and tet-
rahydropyran (THP) (which induce LiF restructuring, as described
later), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (which
imparts ionic conductivity to the LiBF, THP electrolyte) and fluoro-
ethylene carbonate (FEC) (which forms an initial LiF-enriched SEI to
be restructured by LiBF, THP). The composition of the electrolyte
(hereafter referred to as borate-pyran electrolyte) was 0.4 M LiBF,,
0.4 M LiTFSI THP +20% FEC. The SEl formed on as-deposited Liin the
borate—pyran electrolyte contained LiF crystallites, as indicated by
the LiF(111) and LiF(220) signals in the FFT images (Fig. 2a) and the
LiF content in the XPS spectra (Fig. 2d and Supplementary Fig. 3).
TheLiF crystallites were scattered across the SEI, as highlighted by the
inverse FFT image in Fig. 2b. Surprisingly, during Li passivation, the
large LiF crystallites were transformed into uniformly distributed fine
LiF crystallites (termed ‘LiF restructuring’). The intense spot signals
originating fromthelarge LiF crystallitesin the FFT images changed to
smoothring patterns after ageing. The structural transformation was
not accompanied by notable changes in the atomic concentration or
chemicalstructure of the SEl layer, as indicated by the XPS survey scan,
OlsandF1sspectrabefore (Fig. 2d) and after (Fig. 2e) ageing; this rules
out the irreversible dissolution of LiF crystallites. The SEI thickness
showed only aslightdecrease (4.1%) during 12 h of storage (Fig. 2c and
Supplementary Fig.4), in contrast with the carbonate (44.1% increase)
and LHCE (88.1% increase) electrolytes.
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Fig. 3| Solvation structure and reduction stability. a, Coordination number
(N) obtained from radial distribution functions calculated by MD simulations.
r,radial distance from Li*. b, Coordination number distributions within LiBF,,
LiTFSIand FECin the borate-pyran electrolyte, along with snapshots of the
dominant structures for the electrolyte. ¢, Reduction potentials and Li* binding
energies of various organic solvents and anions (THP, tetrahydrofuran (THF),
1,3-dioxolane (DOL), diethyl ether (DEE), DME, diglyme (G2), diethyl carbonate

(DEC), EC, FEC, BF,and TFSI").d, Comparison of reduction potentials of solvent
and salt configurations of a typical ether electrolyte (LiFSIDME) and borate—
pyranelectrolyte (LiBF,,/LiTFSI THP:FEC). Taking into account that the reduction
potential varies with concentration, the reduction potentials for concentrated
(COSMO-RS model) and diluted (COSMO with &) environments are
calculated separately and presented as arange. The grey symbols represent a
molecule/Li* solvate with a population of less than 1%.

FEC-free LiBF,/LiTFSI THP electrolyte showed low LiF and high B-F
signalintensities inthe XPS spectra, while FEC-containing electrolytes
(0.4 M LiTFSI THP:FEC, 0.4 M LiBF, THP:FEC and 0.4 M LiTFSI/0.4 M
LiBF, THP:FEC) exhibited weak boron and strong LiF signals (Supple-
mentary Fig. 5) and similar LiF crystallite size (~7 nm; Supplementary
Fig. 6). These results suggest that theinitial SEl layer formation canbe
attributed to the decomposition of the FEC. Meanwhile, storing the
deposited Liin the LiBF ,-free electrolyte did not lead to restructuring
of LiF (Supplementary Figs. 7 and 8); this observation indicates that
the restructuring of the preformed LiF can be ascribed to a chemical
process of LiBF,.

Reduction stability of borate-pyran electrolyte
The successful regulation of Li corrosioninliquid electrolytes requires
notonly afinely passivated interphase but also ahighreductionstability
of electrolyte moleculesand Li* solvatesin the liquid electrolyte'®**,
Thereduction stabilities were assessed by calculating solvation struc-
ture of electrolytes and corresponding reduction potential via density
functional theory (DFT) and molecular dynamics (MD) simulations.
In the borate-pyran electrolyte, the THP was mainly involved in
the primary Li*solvation shell (coordination number of 3.2), while the
other components showed arelatively low participationin the primary
shell (coordination numbers of 0.20 for TFSI~, 0.72 for BF,"and 0.0006
for FEC; Fig. 3a and Supplementary Fig. 9). An 87.7% fraction of BF,~
participatedinLisolvation, whereas 77.4% of TFSI” existed in free state

(Fig. 3b and Supplementary Fig. 10a-d). FEC molecules almost exist
in free state due to the weak Li* binding energy associated with the
electron-withdrawing fluorine group?. Notably, the relative population
ofthe TFSI”anionsinvolved in the Li* solvation with respect to the total
amount of free solvents/anions and Li* solvates in the borate-pyran
electrolyte is only 0.9% (Supplementary Fig. 10e), thereby decreas-
ing the probability of TFSI” decomposition at the Li anode. As shown
in Fig. 3c, THP showed a high Li* binding energy and a low reduction
potential compared to many solvent candidates, indicating thatitisa
well-balanced solvent fulfilling the high Li*-solvating power and high
reduction stability requirements. The cycling stability of LMBs under
lean electrolyte conditionincreased with decreasing reduction poten-
tial of the solvent candidates (Supplementary Fig. 11), which supports
the above argument.

Thereduction potentials of the salt and solvent structuresidenti-
fiedinthe borate-pyranelectrolyte were calculated using DFT simula-
tions and are compared in Fig. 3d. To evaluate the reduction stability
of the borate-pyran electrolyte, we compared it with that of a typical
ether-based electrolyte, 4 M LiFSIDME. The two main THP-containing
Li* solvates in the borate-pyran electrolyte, Li*(THP),(BF,"); and
Li*(THP),, had reduction potentials of -1.71to -0.79 V and -1.21 to
-1.14 V versus Li/Li*, respectively, denoting a high stability against
reductive decomposition. The inclusion of BF,” in the Li* solvation
shell did not negatively affect the reduction stability, as indicated by
thelowreduction potentials of the BF,"-containing Li* solvates. For the
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Fig. 4 |Reversibility and corrosivity of Li-metal electrode in liquid
electrolytes. a, SEMimages showing the top view (left, middle) and cross-section
(right) morphology of Li deposits (2 mAh cm™) plated on Cu current collector
under 290 kPa pressure at 0.5 mA cm™. b, Measurement of CE of Li plating/
stripping in Li||Cu cells using a modified Aurbach method. Inset: measurement of
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visibility, an x-axis break in the range of 2.3-22 mAh cm?was applied. The pie
charts on the right show the fractions of loss due to SEl or dead Li formation. Each
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dotindicates two replicated TGC quantification (n = 2) with the same electrolyte.
d, Time-dependent changes of interfacial resistance in Li||Li coin cells and of
normalized interfacial resistance with respect to initial resistance (¢=0). The
fitting curves represent nonlinear least squares fit to a power 1aw (R, cerface < at™)
(ref.13). e, Storage time dependence of CE of Li plating/ageing/stripping in Li||Cu
coin cells. The whiskers represent the range between a pair of measurements
(n=2),and the dots are the means. f, Quadrant chart comparing uniformity of Li
morphology and Li corrosivity for different electrolytes.

LiFSIDME electrolyte, the main Li* solvation shells, Li*(DME),(FSI"), and
Li*(DME),(FSI"), (Supplementary Figs. 12 and 13), had high reduction
potentials 0f 1.07-1.89 Vand 0.93-1.57 V versus Li/Li", respectively, in
agreement with previous studies'®*. The high reduction stability of the
THP-containing Li* solvates was experimentally verified by the reduced
cathodic currents observed for the borate-pyranelectrolyteinalinear
sweep voltammetry test (Supplementary Fig. 14).

TFSI” had reduction potentials of 0.48-1.01V and -0.33 V versus
Li/Li* in the Li*-coordinated and free molecular states, respectively,
showing that the decoordination of TFSI" by THP enhances the reduc-
tion stability of TFSI™. The calculated reduction potential of free FEC
was —0.29 to 0.35V versus Li/Li". The much higher atomic content of

fluorine (~10 at%) than nitrogen, sulfur or boron species (<1 at%) in the
SElwith the borate-pyran electrolyte (Fig. 2c and Supplementary Fig.
3) demonstrates the predominant participation of FEC and the weak
involvement of TFSI"and BF,”in theinitial SEIformation. LiTFSlis highly
dissociated in the electrolyte, resulting in a high ionic conductivity
(Supplementary Figs.15-17 and Supplementary Note 1).

Suppressed Li corrosioninborate-pyran
electrolyte

As shown by the scanning electron microscopy (SEM) images of the
Li deposits under pressure (Fig. 4a and Supplementary Figs. 18 and
19), the carbonate electrolyte resulted in a mossy morphology; in
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represent mean values and numbersindicate the change in bi-cell thickness. The
whisker lines represent the maximum and minimum values without outliers. The
trend line representing cell swelling ratio is provided as a dash line. Inset: cross-
section SEM images of pristine Li and Li anode after 400 cycles in the borate—
pyranelectrolyte. f, Amount of electrolyte components consumed during
cycling quantified by NMR.
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SEl on as-deposited Li 6 h aged Li

3 h aged Li
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Fig. 6 | Investigation of LiF fine structure. a,b, FFT images and inverse

FFT images for LiF in the SEl layer formed on as-deposited and aged Liin the
borate-pyran electrolyte (a) and size distribution of crystalline LiF (b). The size
distribution of crystalline LiF is statistically shown by measuring the diameter
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represent mean values. The whisker lines represent the maximum and minimum
values without outliers.

contrast, the LHCE and borate-pyranelectrolytesled to adendrite-free
Li surface morphology with a grain size of about 3 um, along with a
densely packed cross-sectional morphology. The LiBF,-free LiTFSI
THP:FEC electrolyte did not produce such uniform morphology
(Supplementary Fig.19c).

We measured the Coulombic efficiency (CE) of Li plating/stripping
on a deposited Li using the modified Aurbach method”. As shown in
Fig. 4b, after the first two cycles (measured CEs of the first two cycles
were providedin Supplementary Fig.20), the average efficiencies of Li
plating/strippinginthe carbonate and LHCE electrolytes were 88.14%
and 99.62%, respectively. The value obtained for the LHCE electrolyte
is similar to those of recently reported LHCEs* or fluorinated solvent
electrolytes®'®. Apart from being among the best-performing reported
electrolytes, the borate-pyran electrolyte exhibited an average effi-
ciency (99.85%) higher than that measured for the LHCE. Li||Cu cell
also showed stable cycling of Li plating/stripping in the borate-pyran
electrolyte (Supplementary Fig. 21).

TheLilosses fromdead Liand SElformation during the application
ofthe Aurbach protocol were distinguished using titration gas chroma-
tography®* (TGC; Supplementary Fig. 22). AsshowninFig. 4c, for the
carbonate, LHCE and borate-pyranelectrolytes, 1.86% (0.47 mAh cm™),
0.25% (0.062 mAh cm™) and 0.24% (0.061 mAh cm™) of the total capaci-
ties were spent in the formation of dead Li, respectively, and 6.65%
(1.66 mAh cm™), 0.82% (0.20 mAh cm™) and 0.093% (0.023 mAh cm™)
of the total capacities were consumed by SEl formation, respectively.
The fractions of SEI formation to total Li loss for the carbonate and
LHCE electrolytes were 78% and 77%, respectively, while 28% for the
borate-pyran electrolyte, further confirmingits low corrosivity.

The Licorrosivity of the electrolytes was further assessed by exam-
ining the time-dependent changes of the interfacial resistance (R, cerfaces
Fig.4d), whichtypically corresponds to the resistance of SEI****°, The
carbonate electrolyte showed an initial Ry e,ce 0F 90 Q cm2and 2.5-fold
increase during ageing for five days. Despite the smaller initial R, rface,
the LHCE exhibited alarger R .r.cc increase (6-fold) during ageing for
5daysthan the carbonate electrolyte because of the highly corrosive
nature of LiFSI. Among the studied electrolytes, the borate-pyran
electrolyte exhibited the lowest initial R;yefce Value (20 Q cm™) and
smallest increase in Ry, errace UpON ageing (1.5-fold during ageing for
5days). The time-dependent changes in R, .,c. fOr various electrolyte

formulations show that the combination of LiBF, and THP:FEC leads
to stable R, .rrace Values (Supplementary Fig. 23).

The corrosivity of deposited Liin different electrolytes was quanti-
fied by measuring the CE at varying ageing times" as shown in Fig. 4e.
Extending the ageing time from 5 min to 2 days resulted in a decrease
in CE by 10.70% for the carbonate electrolyte and by 4.70% for the
LHCE, in contrast with the decrease of only 1.02% for the borate-pyran
electrolyte. Even after 21 days of storage, the CE in the borate-pyran
electrolyte remained higher than 90%. The removal of LiBF, from the
electrolyte (that is, LITFSI THP:FEC) resulted in a CE drop below 90%
after 2 days of storage. The average corrosion rates for the carbonate,
LHCE and borate-pyran electrolytes were approximately 0.87, 0.83
and 0.15 pAh cm™2h™after 48 h, respectively (Supplementary Fig. 24).
The corrosion rate for the borate-pyran electrolyte was comparable
to that of lithiated Si anodes*-** and slightly higher than that of lithi-
ated graphite anodes™. On the basis of the results in this section, the
borate-pyranelectrolyte canbelocated in the weak Li corrosiveness/
uniform Li morphology sector of the corresponding quadrant plot
shown in Fig. 4f, which is regarded as ideal to minimize the irrevers-
ibility of Li plating/stripping®.

Lean electrolyte Li|[NCMS811 pouchcell
performance

Physical and electrochemical properties were compared for the elec-
trolytes (Fig. 5a). The borate-pyran electrolyte is compatible with
4V class cathodes, as indicated by its oxidation stability up to 4.8 V
versus Li/Li* in Li||Al cells (Supplementary Figs. 25 and 26). Because
of its comparable ionic conductivity (0.35 mS cm™ with a separator;
Supplementary Fig. 27) and small R ..ce (31 Q cm™ after five days;
Fig.3d), the borate-pyran electrolyte showed a higher rate capability
thantheother two electrolytes (Supplementary Fig. 28). Moreover, the
borate—pyran electrolyte has low specific density (1.1 g ml™) and high Li
plating/stripping reversibility (Fig.3b), which are the key requirements
for high-performance lean electrolyte LMBs.

We fabricated and tested pouch-type full cells consisting of dou-
ble side-coated NCMS8I11 (3.83 mAh cm™ per side) and two Li anode
pieces (40 pm or 20 pm, N/P ratio = 2.09 or 1.05, respectively) with
low E/C ratios (1.92, 1.24 and 0.96 g Ah™) (Fig. 5b). The E/C ratio of
1.92 g Ahislower than that of state-of-the-art LMBs reported to date
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(Supplementary Table 1). The E/C ratio of 0.96 g Ah™ is close to the
minimum electrolyte amount required to wet the cathode and sepa-
rator (Supplementary Fig.29) and comparable to that of typical LIBs.
The prepared pouch cells were cycled under 286 kPa pressure (Sup-
plementary Fig.30).

We performed a cycling stability test on 40 pm Li||[NCM811
pouch cell (E/C 0of 1.92 g Ah™) as shown in Fig. 5¢; the carbonate elec-
trolyte exhibited a rapid capacity drop before 20 cycles, while the
pouch cell with the LHCE showed it at 220 cycles. Under the same
condition, the Li|[NCM811 cell with the borate-pyran electrolyte dem-
onstrated capacity retention of 74% at 450 cycles. We further performed
a cycling stability test on 20 um Li|[NCM811 pouch cells (N/P=1.05).
The 0.1 C discharge energy densities of the borate-pyran electrolyte
correspond to 424, 458 and 474 Wh kg™ at £/C values 0f1.92,1.24 and
0.96 g Ah™, respectively (Supplementary Table 2). Asshown in Fig. 5d,
the borate—pyran electrolyte-based cell at £/C 0f 1.92 g Ah™ exhibited
70% energy retention after 400 cycles. The energy density delivered
by the cell operating at 1.24 g Ah™ and 0.96 g Ah™ was higher than
that of the cell operating at 1.92 g Ah™ for up to 350 cycles and 200
cycles, respectively, with stable voltage profiles (Supplementary
Fig. 31). By contrast, the other two electrolytes reached 70% energy
retention before 50 cycles at 0.96 g Ah™. Comparing 40 pm or 20 pm
thick Li anodes, the thinner Li foil exhibited higher cycling stability
at 1.24 and 0.96 g Ah™ (Supplementary Fig. 32), consistent with
findings reported in previous work®. For Li[[NCM523 cells and
anode-free cells, the efficacy of the borate-pyran electrolyte were
also demonstrated (Supplementary Figs. 33 and 34 and Supplemen-
tary Note 2).

The swelling rate of Lianode during cycling was determined from
the cell thickness changes, considering nearly invariant cathode thick-
ness during the cycling (Supplementary Fig. 35). It was 1.79 um per
cycle, 0.174 pum per cycle and 0.0488 um per cycle for the carbon-
ate, LHCE and borate-pyran electrolytes, respectively (Fig. 5e). For
the borate-pyran electrolyte, the bi-cell thickness increased by only
39.0 pm (thatis, 19.5 pmthickness increase of the single Li anode) after
400 cycles, close to that determined from the cross-sectional SEM
image of the Li anode after cycling (inset of Fig. 5e, change in bi-cell
thickness =57.3 -40.0 =17.3 um).

We evaluated the consumed amounts of electrolyte componentsin
the pouch cellsat1.92 g Ah' by the nuclear magnetic resonance (NMR)
spectraofthe pristine and cycled electrolytes (Fig. 5fand Supplemen-
tary Figs. 36-38). The carbonate electrolyte showed a predominant
consumption of the solvent components (—6.6 mol I for EC,-4.1 mol I"!
for EMC) compared to the anion consumption (-0.61 mol I for PF").
The LHCE electrolyte exhibited preferential consumption of the fluori-
natedsolvent (TTE,-3.5mol I™") and FSI"anion (-1.4 mol I™") showing the
almost depletion of LiFSIat the end of the cell life. Alower consumption
of allelectrolyte components was observed inthe borate-pyran system
compared with the other two electrolytes, despite the longer cycling
(400 cycles). FEC was the most consumed component, consistent
with the predictions of DFT and MD simulations in Fig. 3c. The small
consumption of TFSI" (-0.06 mol I") isin line with the absence of sulfur
and nitrogen signals in the XPS spectra of the corresponding SEl layer
(Fig.2d and Supplementary Fig. 3).

LiF restructuring mechanism

We investigated the fine structure of LiF crystallites during the SEI
restructuring process using FFT and inverse FFT images (Fig. 6a,b)
obtained from the high-magnification cryo-TEM images (Supplemen-
tary Fig. 39). Immediately after the Li plating, LiF crystallites with a
size of 5-8 nm were observed in the SEI. After 3 h of ageing, small LiF
particles of 2-3 nm appeared in the spaces separating the large LiF
crystallites, involving stacking faults and narrow necks. At 6and 12 h,
the size of the LiF crystallites was reduced to 2-3 nm and a glassy LiF
region clearly appeared among them. Considering that the overall
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Fig. 7| Thermodynamic feasibility of LiF restructuring. a, Atomic structures
and calculated effective surface energies of clean LiF and LiBF ,-adsorbed
surfaces (denoted as LiF/LiBF,). b, Chemical potential (u) of the LiF particles,
along with their particle diameters, based on DFT (black or red line) or MD (black
or red square symbol) simulations. An x-axis break in the range from 9 nm to
infinite diameter (thatis, LiF slab) was applied.

quantity of LiF remained relatively constant in the SEI (Fig. 2d,e), the
cryo-TEM observation indicates that the LiF crystals in the SElunder-
went a restructuring process, resulting in the formation of fine and
dense structures.

Whereas the small nanoparticles are generally metastable com-
paredtothelargerones, causing Ostwald ripening, physical or chemical
interactions sufficiently strong to offset for the surface energy can
resultin reverse coarsening in multicomponent systems®* ™ (for exam-
ple, -OH-adsorbed 6-Al, 0, surfaces in water** or oleic-acid-adsorbed
Ba,F;Clsurfacesinalcohol®’). The LiF restructuring requires the fulfil-
ment of two specific criteria: (1) the formation of a small LiF particle
fromtheinitial LiF particles (~7 nmindiameter) should be thermody-
namically favourable; (2) LiF can be dissolved from the initial particles
and precipitated to form new particles.

To demonstrate the thermodynamic spontaneity of LiF restructur-
ing, we performed surface energy and chemical potential calculations
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for LiF slab or particles exposed to a THP solvent environment in the
presence or absence of LiBF, ion pairs via DFT. The surface energy of
LiF slab presentin the THP solvent environment is positive (+0.206 eV
per Li-F; Fig. 7aand Supplementary Fig. 40a), which agrees to previous
reports***!, Considering the high nucleophilicity of the F site and high
electrophilicity of the Li site on the LiF surface*, we further calculated
surface energy withion pair adsorption onthe LiF surface. Asshownin
Fig.7a, single LiBF,ion pairinteracts with two Li-F pairs (red squarein
theright top view image), resultingin abinding energy of —0.648 eV per
Li-F. Comparedto other salts, LiBF, has the largest adsorption energy
and highest stability against cathodic decomposition (Supplementary
Figs. 40b,c). Thus, the adsorbed LiBF, can effectively decrease the
surface energy of LiF particles, while not being readily decomposed.
The energy considering the adsorption equilibrium of LiBF,, on LiF slab
(denoted as ‘LiBF,/LiF’, equation (5) in Methods) shows a negative value

of -0.338 eV per Li-F. According to our calculation, the modulated
surface energy of LiF particle with LiBF, adsorption, which is referred
toaseffective surface energy, is negative when the particlessizeis larger
than about1nm (Supplementary Fig. 41).

Asaresult of the negative effective surface energies, the chemical
potential of LiBF,-adsorbed LiF particles exhibits a local minimum at
a particle diameter of 2.1 nm, in contrast to the gradually decreasing
chemical potential with the particle size observed for clean LiF particles
(Fig. 7b). This suggests that the large LiF particles derived from the FEC
intheinitial SEl structureisin ametastable state, which canbe sponta-
neously restricted into 2 nm-size LiF particles. The predictionisin good
agreement with our cryo-TEM analysis which reveals the formation of
2-3 nm LiF particles after the restructuring (Fig. 6a,b). In addition to
the above DFT-based chemical potential estimates, MD-based particle
formation energy calculations (square symbols in Fig. 7b) cross validate
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thatabout ~2 nm-size LiF particles are thermodynamically more stable
than larger particles.

To validate the dissolution and precipitation of LiF in the SEI
matrix, we conducted an NMR analysis for LiBF, solution in THP. As
shownin Fig.8a-c, the’F NMR spectra of the 0.4 and 0.8 M LiBF, THP
solutions reveal the presence of BF;-THP (3.0 x10*Mand 6.3 x10™*
M for 0.4 M and 0.8 M LiBF, THP), indicating the formation of the BF,
adductinthe LiBF, THP solutions, according to equation (1):

LiBF, (1) + THP () — BF5—THP (1) + LiF (s) o

The formation of BF,-THP in LiBF, THP solutionis consistent with
the previous literatures that ether-based solvents preferentially form
stable adduct with BF,**¢, which are further confirmed by the NMR
experiments and free energy calculations (Supplementary Fig. 42).
The release of LiF in the bulk electrolyte phase does not influence the
battery performance because of its low content (Supplementary Fig.
43 and Supplementary Note 3).

BF; or its adducts (for example, BF;-ether) can react with LiF to
form LiBF,, resulting in LiF dissolution**’, which is demonstrated
in Fig. 8d,e; 0.1 M LiF was soluble in THP + 0.1 M BF;-THP, whereas an
opaqueLiF residue remained in 0.1 M LiF-containing EC:EMC, DME or
THP. We observed the changes of the ’F NMR signals from BF,-THP
(-147 ppm) and BF,” (-149 ppm) with the addition of 0.1 M LiF saltina
solution of 0.1 M BF;-THP in 0.3 M LiBF, THP (Fig. 8f). The addition of
theLiF saltled to adecrease of the BF,-THP signal (from 0.1t0 0.040 M)
and anincrease of the BF, signal (from 0.3t0 0.368 M), indicating the
occurrence of the LiF dissolution and formation of LiBF, according to
equation (2):

BF3-THP (1) + LiF (s) — LiBF, (1) + THP (1) ®)

The conversion of LiF into soluble LiBF, via BF;-THP shows that
BF;-THP in the electrolyte solution can mediate inter-particle dif-
fusion of LiF. As depicted in Fig. 8g, the LiF particles in the initially
formed SEl exhibit a negative effective surface energy through LiBF,
adsorption; this leads to a thermodynamic driving force towards
fine structure with small LiF size. BF;-THP initiates the dissolution
of the initial large LiF, which results in LiBF,, formation and BF;-THP
consumption in the SEl matrix, according to equation (2). By the
out-of-equilibrium state, LiBF, regenerates BF;-THP, while precipitat-
ing LiF with small LiF size, according to equation (1). The dissolution
and re-precipitation of LiF, driven by the negative effective surface
energy and mediated by BF;-THP, eventually reduce the particle size
of LiF and the inter-particle space.

We further examined the effect of the LiF restructuring on the
electrical property and electrolyte swelling of the SEI. The bandgap
of the SEl was nearly unchanged after restructuring (Supplementary
Fig.44 and Supplementary Note 4), whereas the swelling ratio of the SEI
was notably reduced (Supplementary Figs. 45 and 46 and Supplemen-
tary Note 5). These results indicate that LiF restructuring inhibits the
permeation of electrolyte moleculesinto the SEl owing to the reduced
inter-particle space and thus suppresses Li corrosion.

Discussion

Inadditiontothe presented borate-pyranelectrolyte, the combination
of aborate salt and other ether solvents also induce LiF dissolution/
re-precipitationinan SElasdemonstratedin Supplementary Figs.47-49
and Supplementary Note 6. This generality of the SEl restructuring
mechanismindicates the possibility of adjusting the SEl restructuring
ability by controlling the equilibrium constant for BF, association and
dissociation based on various solvent molecules. Thus, a myriad of
approachesforrestructuring SEls canbe devised, for example, accelera-
tion of SElrestructuring to minimize cumulative Licorrosion during the
contacttimebetweenLiand liquid electrolyte. Finding new electrolyte

formulations that can lead to more efficient SEl restructuring while
exhibiting high reduction stability (Fig. 3c,d and Supplementary
Fig.11) could advance LMB technology.

Fortheborate-pyranelectrolyte, theirreversible Liloss is mainly
attributed todead Li; thisresultisin contrast to the previously reported
high-CE electrolytes®. The high-CE electrolytes reported thus far exhibit
alimiting Coulombic efficiency value of 99.6% (refs. 9,10,21), and fur-
ther decreasing the Coulombicinefficiencyis a considerable challenge
owingtotheir highLi corrosiveness. However, the Coulombic efficiency
of borate-pyranelectrolyte is expected to be further improved using
various methods that cansuppress dead Liformation, such as pressure
control, temperature control, current collector design and interfacial
layer design, realizing Coulombic efficiencies beyond 99.85%.

Conclusions

Inthis study, we demonstrated that suppressing Li corrosionis an effec-
tive way to overcome the limitations of state-of-the-art electrolytes for
Li-metalanodes. The cryo-TEM analysis results demonstrated that the
restructured SEIminimized the direct contact between Liand the liquid
electrolyte, thereby effectively mitigating Li corrosion. Together with
adensely packed Li deposit morphology, the suppressed Li corrosion
led to a high Li plating/stripping efficiency (average CE of 99.85%).
Prototype Li|[NCM811 pouch cells exhibited high cycling stabilities
under lean electrolyte conditions, demonstrating the importance of
limiting the Li corrosion in liquid electrolytes. The dissolution and
re-precipitation of LiF mediated by the BF;-THP paves a promising way
to engineer SEl structure for advanced LMBs.

Methods

Electrolytes

Electrolyte preparation was performed in an argon-filled glovebox. One
molar LiPF, EC:EMC (1:1v/v, Phanax) +2% VC (99.5%, Sigma-Aldrich) and
1.5 M LiFSI(99.9%, Sigma-Aldrich) in DME (99.5%, Sigma-Aldrich):TTE
(97%, SynQuest Labs) (22:78, v/v) were used as control electrolytes. THP
(anhydrous, 99%), LiBF, (99.99%) and LiTFSI (99.95%) were purchased
from Sigma-Aldrich. FEC (98%) was purchased from TCI. A 0.4 M LiBF,,
0.4 M LiTFSI THP + 20% FEC was used as borate-pyran electrolyte.
A 0.8 M LiBF,, 0.4 M LiTFSI THP + 20% FEC electrolyte was used for
Li|[NCM8I1 full cell tests.

Li morphology and SEl characterization

SEMimages were obtained viaafield-emission scanning electron micro-
scope (Sirion, FEI). The cross-sectionimages deposited Li (0.5 mA cm™
and 2 mAh cm™) were obtained viaafocused ion beam system (Helios
Nanolab 450 F1, FEI); cross-section cleaning was performed at 5 kVand
0.3 nA to remove the damaged layer by Ga ions. The composition of
the SEl layer on deposited Li was analysed by in situ XPS (Axis-Supra,
Kratos) with an X-ray source (Al, hv=1,486.7 eV). The sampleinlet was
directly connected toanargon-filled glovebox (<0.1 ppmof 0,and H,0)
to prevent exposure of the sample to the atmosphere.

Cryo-TEM and image processing

To observe the fine structure of the SEI on Li while minimizing air
reaction and beam damage, cryo-TEM analysis was carried out using
aGlacios (Thermo Fisher) microscope with 200 kV accelerating volt-
age. A Li-deposited (1.0 mA cm™2and 1.0 mAh cm™) TEM grid (200
mesh Cu with alacey carbon film) was placed in a microtube (Eppen-
dorf) inside an argon-filled glovebox, then removed and immediately
placedinliquid nitrogen. The prepared sample grids were loaded into a
cryo-autoloader (Glacios), ensuring that the samples were thoroughly
cryogenic throughout the entire process, before being transferred into
the cryo-TEM instrument. The obtained TEM images were converted
tothe FFT and inverse FFT images through the Gatan Microscopy Suite
software. Inverse FFT images were obtained by applying bandpass
masks (smooth edge: 5 pixels) to the crystal signals displayed in the
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FFT and inverse-transforming them again. A black body colour table
was applied totheinverse FFT images to visualize the crystallites. The
SElthickness and LiF size distribution were measured using the Image
Jprogramme.

Titration gas chromatography

Quantitative TGC analysis of Li loss due to dead Li and SEI Li* forma-
tion was carried out according to a previously reported procedure’.
After applying the Aurbach method, the copper current collector and
separator were placed in a30 ml septa vial and tightly sealed at 1 atm.
After that, the H, and Ar gas mixture obtained after injecting 1.0 ml of
water into the vial was extracted through a syringe and injected into
the TGCinstrument (Agilent 7890A, Agilent Technology). Ar was used
as carrier gas in the GC system. The H, concentration was calculated
by comparing the hydrogen signals (0.545 retention time) in spectra
obtained through a thermal conductivity detector with a calibration
curve built using reference gases (250,500 and 1,000 ppm H, in Ar).

NMR experiments

'H andF NMR measurements were performed using a 600 MHz liquid
NMR spectrometer (Avance Neo 600, Prodigy probe). A BF;-THP:THP
solution was prepared by adding BF;-THF as a BF; source in THP. Add-
ingasmallamount (0.1M) of BF;-THF into THP generated BF,-THP and
free THF (BF;-THF + THP > BF;-THP + THF). The BF;-THP:THP solution
was obtained via evaporation of THF (Boiling point = 66 °C) by heat-
ing at 70 °C. To collect the remaining electrolyte in the cycled pouch
cells, they were injected with 1.5 ml of DMC solvent and gently shaken
for 5 min. The extracted solution was then mixed with 400 pl of 0.1M
fluorobenzene in DMSO-d,, and the final solution was analysed by
NMR. The residual molar amounts were determined from the relative
intensity of each component to the internal reference: DMSO-d, for
EC, EMC, VC, DME and THP in the 'H spectra and fluorobenzene for
PF,, FSI, TTE, BF,”, TFSI” and FEC in the F spectra. The electrolyte
consumption degree (AM, mol I™") was calculated from the difference
between the residual molar amounts before and after cycling.

Pouch cell preparation

To prepare prototype pouch cells, two Li anodes (free-standing
40 pm or 20 pm, Honjo Metal), two Cu foils (MTI, rinsed with hydro-
chloric acid, acetone and deionized water in sequence) and double
side-coated LiNiysMn,;Co,,0, (NMCS8I11, provided by LG Energy Solu-
tion, 18.78 mg cmloading, active material/Super P C65/Polyvinylidene
fluoride = 96:2:2) were cut into 40 mm x 60 mm and 30 mm x 50 mm
pieces, respectively. Ni and Al tabs were welded onto the Cu foil and
NCM cathode, respectively, using an welding machine (WC-TW-300S),
wellcos). The electrodes and the separator (19 um polyethylene,
W-Scope) were stacked and sealed with an aluminium pouch filmand
injected with1.92,1.24 or 0.96 g Ah™ of electrolytes. The capacity of the
bi-cellis 0.1 Ah at1.0 C discharge. The cell preparation was performed
inan argon-filled glovebox.

Energy density calculations

The areal mass of the bi-cell was calculated by adding the areal weights
of a double-sided cathode (with Al current collector), two separator
sheets, a double-sided anode (with Cu current collector) and a liquid
electrolyte. The specific energy densities were calculated by dividing
the areal energy of the bi-cell by the areal mass. The areal weights of the
cellingredients and cell design parameters, including the £/Cratio and
average voltage, are provided in Supplementary Table 2.

Electrochemical analyses

Unless otherwise specified, electrochemical measurements were
carried out using 2032-type coin cells with 50 pl of electrolyte. For
the measurements of the average CE (pouch cell configuration,
40 mm x 60 mm Cufoil asaworking electrode, 30 mm x 20 mm 150 pm

Li anode on 50 mm x 30 mm Cu foil as a counter electrode and poly-
propylene separator were used. A glass fibre separator was inserted
inbetween the separator and counter electrode to prevent cell short-
ing by the edge burr of the Cu foil; we adopted the following standard
protocol: (1) perform formation cycles with 5 mAh cm™ of Li plating
onCuat0.5 mA cm™2and stripping to1.0 V; (2) forminitial Li source by
plating 5 mAh cm™ of Li on Cu at 0.5 mA cm™2; (3) perform ten cycles
atImAhcm™and 0.5 mA cm™; (4) strip remaining Li from Cuto 1.0 V.
Before the CE measurement, the Li||Cu cellwas held at O V for 24 h, fol-
lowed by cycling toformanSElonthe Cucurrentcollector. EISmeasure-
ments (1470E frequency response analyser, Solartron Analytical) for
ionic conductivity and interfacial resistance were conducted acrossa
frequency range spanning from1MHz downto 0.1 Hz, using a perturba-
tionamplitude of 10 mV. Li|[NCM811 pouch cells were operated under
pressurization at a clamping torque of 491N cm, using a pressure jig
and silicon pads (1 mm thickness). The applied initial pressure was
286 kPa. Galvanostatic cycling of the pouch cells was conducted within
avoltage window of 4.25-3.0 V using a WBCS3000L battery tester at
25°C, unless otherwise specified. The cells were first charged (0.1 C)
and discharged (0.5 C) three times initially as a formation protocol,
then performed 0.2 C charge/1.0 C discharge in subsequent cycles.

DFT and MD simulations

For DFT calculations, we adopted Materials Studio package with DMol®
module. Perdew-Burke-Ernzerhof gradient-corrected exchange cor-
relation functional was used. We used a double-numerical-
plus-polarization version 4.4 function. A global orbital cut-off of 4 A
was applied. The COSMO or COSMO-RS were used to simulate the
solvent environment (that is, solvation free energy). The COSMO
method delivers the solvation free energy under afixed solvent dielec-
tric constant, &.n, in a diluted environment. Conversely, the
COSMO-RS simulates a concentrated environment because it calcu-
lates the solvation free energy for a solvation structure in its contin-
uum. The energy (0.00001 Ha), gradient (0.002 Ha A™) and
displacement (0.005 A) convergence criteria were set. The
self-consistent-field cycles tolerance was 1.0 x 10~° eV per atom. The
reduction potential of the solvent molecules or Li* primary solvation
sheath (£,.4) was calculated using the thermodynamic energy cycles,
which can be expressed by equation (3):

_(AE, + AGs (sol ) — AGs (sol)) 14

F 3

Ereq (Vversus Li/Li*) =

where AL, is the electron attachment energy at 0 K; AGs (sol ") is the
solvation free energy of reduced structure and AGs (sol)is the solvation
free energies of theinitial structures (Supplementary Table 3); Fisthe
Faraday constant (96,485 C mol™). To account for the difference
between absolute electrochemical potential and Li/Li* scales, a correc-
tion factor of 1.4 is used. This correction factor may fluctuate within
therange of 0.1-0.3 V considering the Li free energy in different elec-
trolyte environments*®°,

Molecular dynamics calculations were carried out using Materials
Studio package with Forcite module. All components were filled in a
periodic cell with optimized geometries and charges determined by
DFT. We used the COMPASS lll force field along with Ewald electro-
staticand atom-based van der Waals as summation methods. Periodic
cells constituted with 4 M LiFSI DME (40 Li*, 40 FSI" and 56 DME) and
0.4 M LiBF,,0.4 MLiTFSITHP+20% FEC (16 Li*, 8 BF,", 8 TFSI, 162 THP
and 57 FEC) were simulated at 298 K and 1 atm. The cells were geom-
etry optimized using Smart Algorithm with a convergence tolerance
of 0.001 kcal mol™ A™. The cells were equilibrated by 1 ns in the NPT
(fixed number, pressure and temperature) and NVT (fixed number,
volume and temperature) using the Nosé algorithm with a Q ratio of
0.1. Afterequilibration, a 5-NVT with a time step of 1 fs was carried out
with configurations saved every 5,000 fs.
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Thermodynamic analysis

An investigation on the spontaneous size reduction process of LiF
was conducted by calculating the chemical potential change of the
size reduction reaction with fixed number of Li and F atoms, that is,
conservative system. The chemical potential (eV per Li-F) of the LiF
particles can be calculated by equation (4)*

2ay¢
I 4
dyr " @

M (d) = =& +

where p,:(d) is the chemical potential of LiF particles with diameter
of di, g is the cohesive energy per Li-F atoms (that is,
Eingle LiF in THP — Ey LiF), apisinteratomic distance between Liand
Fatomsand I is the effective surface energy per surface Li-F atoms.
Iiristhesumofthe surface energy and adsorption energy considering
the equilibrium of the surface reaction (that is, the reaction energy of
LiF + LiBF, — LiF — Li* — BF,~), which can be calculated as shown in
equation (5)*

INiF = Vur — len<1 + e_AE/anLiBF4> (5)

where y;;: is the surface energy per surface of Li-F atoms, k is
the Boltzmann constant, T is the temperature, AE is adsorption
energy and ny;gr, is number density of LiBF, in the electrolyte.
Surface energy yis afunction of particle size. We calculated the surface
energy of the infinite plane of LiF,,, (most stable LiF facet, denoted
as y”) and the surface energy of spherical LiF cluster containing
16 of each Liand F atoms (y°***"™) through DFT and obtained the fitting
curve based on the rational expression®. y~and y****"™were calculated
using equation (6) based on DFT (y”=0.103 eV per Li-F atoms,
yO¥4"Mm=0.415 eV per Li-F atom), and the fitting curve can be given as
equation (7):

Egiab icle — NEpulk
y= slal Orpartl;e u (6)

- A
e (d) =y + (dvir/avir) @

where Eqap or particle 1S total energy of LiF slab or LiF particle, NEyyy is
total energy of N (N is number of Li and F atoms in slab or particle)
number of Li and F atoms in bulk LiF crystal and S is number of Li-F
pairs on the surface of slab or particle. A is a constant which
can be obtained by inserting y°-%"™ = 0.415 eV per Li-F atoms. LiF
precipitation occurs in the SEI matrix, but the DFT calculation
was conducted using dielectric constant of THP considering the envi-
ronmentinwhich the SEImatrix was swollen by borate-pyranelectro-
lyte. If the surface energy of LiF can be stabilized by interacting
with SEI matrix, the size reduction of LiF particles will be more
spontaneous.

MD simulations for chemical potential calculation were performed
with infinite slab of LiF (1,000 Li-F pairs in unit cell), 256 Li-F cluster
and 32 Li-F cluster with or without 100, 96, 32 of LiBF,, respectively, in
THP solvent molecules. The chemical potential of LiF particles based
on MD was calculated using equation (8):

Etotal - NLiFELiF pair in THP — NLiBF4ELiBF4 pair in THP — NTHPETHP

8
Nii ®

i (d) =

where E,, is a total energy of the constructed cell containing LiF or
LiF/LiBF, particle in THP, N is the number of Li-F pairs in the LiF
particle, £y pairinieis the energy of asingle Li-F pairin THP, N, g, is the
number of LiBF, adsorbed on LiF surface, E g, pairinup is the energy of
asingle LiBF, pair in THP and NypEqyp is the total energy of THP mol-
eculesinthe constructed cell.

Data availability

The data supporting the findings of this study are included within
the article and its Supplementary Information files. Source data are
provided with this paper.
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