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ABSTRACT: We report a carbonate-based localized high-concentration elec-
trolyte (LHCE) with a fluorinated ether as a diluent for 4-V class lithium metal
batteries (LMBs), which enables dendrite-free Li deposition with a high Li
Coulombic efficiency (~98.5%) and much better cycling stability for Li metal
anodes than previously reported dimethyl carbonate-based LHCE:s at lean elec-
trolyte conditions. This electrolyte consists of 1.2 M lithium bis(fluorosulfonyl)-
imide (LiFSI) in a cosolvent mixture of ethylene carbonate (EC)/ethyl methyl
carbonate (EMC) with bis(2,2,2-trifluoroethyl) ether (BTFE) as the diluent and
0.15 M lithium difluoro(oxalate)borate (LiDFOB) as an additive. A LillLiNi, /
Mn, ;5Co, 30, battery with a high areal loading of 3.8 mAh cm™? maintains 84%
of its initial capacity after 100 cycles. The enhanced stability can be attributed
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to the robust solid—electrolyte interface (SEI) layer formed on the Li metal anode, arising from the preferential

decomposition of LiDFOB salt and EC solvent molecules.

evelopment of high energy density batteries employ-
D ing lithium (Li) metal as the anode is important to a

variety of applications. Various Li metal batteries sys-
tems including Li oxygen batteries,"” Li sulfur batteries,”* and
lithium metal batteries (LMBs) with conventional intercalation
Li-ion cathodes™® have been studied. However, these systems
are still plagued with problems such as dendritic Li growth and
poor Coulombic efficiency (CE). Recently, extensive research
has been done in Li metal protection and dendrite suppres-
sion”'? to solve the above problems. Among these works, the
development of stable organic electrolytes against Li metal is
undoubtedly one of the most important research areas for
enabling the long-term cycling stability of LMBs.'”'* In a pre-
vious publication by our group,'” a high-concentration electro-
lyte (HCE) composed of 4 M lithium bis(fluorosulfonyl)imide
(LiFSI) salt dissolved in 1,2-dimethoxyethane (DME) was
developed, which enables the long-term cycling stability of
Li metal anodes with a high Li CE of 99.1%. This signifi-
cant improvement in electrochemical performance com-
pared to the conventional 1 M lithium hexafluorophosphate
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(LiPF¢)/carbonate solvent-based electrolytes is attributed to
the stability of the ether solvent against Li metal, the increased
solvent coordination, and the increased availability of Li* ions
in a concentrated electrolyte."

Analogous to the ether-based concentrated electrolytes, new
HCEs created by mixing LiFSI salt with dimethyl carbonate
(DMC) solvent at high salt concentrations were also
developed and explored.'®"” Although these HCEs enable
high CE values for Li metal anodes, their practical applications
are still hindered by the high electrolyte viscosity caused by the
high salt concentration, the material cost, and the poor elec-
trolyte wettability on cathodes and separators. To address
these challenges, our group recently developed a new class of
localized high-concentration electrolyte (LHCE)'® by adding a
diluent, bis(2,2,2-trifluoroethyl) ether (BTFE) in an HCE
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Figure 1. Galvanostatic cycling voltage profiles for LillLi symmetrical cells at (a) 0.5, (b) 1, and (c) 2 mA cm™ with a plating/stripping
capacity of 1 mAh cm™>. (d) Li CE from LillCu cells at a current density of 0.5 mA cm™ and a Li plating capacity of 1 mAh cm™>. The
stripping cutoff voltage was 1.0 V vs Li/Li*. Three LHCEs were tested: LiFSI in DMC-BTFE (green), LiFSI in EC/EMC-BTFE (red), and
LiFSI in EC/EMC-BTFE with LiDFOB as an additive (blue). E-control refers to a conventional electrolyte composed of 1 M LiPF, in
EC/EMC (3:7 by wt) with 2 wt % VC as an additive (black). Inset: expanded view of the CE.

composed of concentrated LiFSI salt dissolved in DMC. After
dilution, the LiFSI salt concentration decreases to 1.2 M,
which is comparable to the salt concentration in conventional
LiPF; electrolytes. Therefore, these new LHCEs can overcome
the above disadvantages (viscosity, cost, wettability) associated
with HCEs. In addition, the newly developed LHCE does not
sacrifice the high Li plating/stripping CE (~99%), an impor-
tant characteristic of HCEs. In this Letter, we report further
optimization of this new class of carbonate-based LHCEs in an
effort to further improve its cycling stability with Li metal
anodes and in LMBs at lean electrolyte conditions. The results
reported here highlight the importance of optimizing solvents
and additives in LHCEs for the development of stable organic
electrolytes that can enable the practical application of
rechargeable LMBs.

The previously developed LHCE'® consisted of LiFSI, DMC,
and BTFE with a salt:solvent:diluent molar ratio of 0.51:1.1:2.2.
To further enhance the cycling stability of Li metal anodes in
this carbonate-based LHCE, especially at lean electrolyte
conditions, galvanostatic cycling tests using LillLi symmetrical
cells were first conducted with different electrolyte formula-
tions. The main solvent DMC was changed to ethyl methyl
carbonate (EMC) and an ethylene carbonate (EC)/EMC
mixture, and the effect of LIDFOB as an additive was tested.
For all of the LHCEs under investigation here, the molar ratio
of salt:solvent:diluent was kept the same as that for the
previously reported DMC-based LHCE.'® A conventional
electrolyte consisting of 1.0 M LiPF4 in EC/EMC (3:7 by wt.)
with 2 wt % vinylene carbonate (VC) was also tested as a
control electrolyte (E-control) for comparison. In Li-ion
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batteries, VC was used in electrolytes to generate a high-
quality solid—electrolyte interface (SEI) on the anode surface,
thus improving the cycle efficiency, the high-temperature
stability, and the calendar life. As can be seen from Figure 1la,
at a low Li plating/stripping current density of 0.5 mA cm™
and a cycling capacity of 1 mAh cm™ (4 h/cycle), E-control
shows poor cycling stability (~70 cycles) against Li metal, con-
sistent with previous reports."® This short cycle life is mainly
attributed to the poor Li plating/stripping CE of <70% as mea-
sured using Lillcopper (Cu) cells (Figure 1d, black). In con-
trast, the previously developed LHCE of LiFSI in DMC and
BTFE'® (Figure 1a, green) shows markedly improved cycle life
(~160 cycles) and stability with the Li metal anode. This is
reflected also by the significant improvement of the Li CE to
~98.2% averaged over the initial 60 cycles as measured using
LillCu cells (Figure 1d, green).

To further improve the cycling stability of Li metal in such a
LHCE, the solvent DMC was first replaced with EC/EMC at a
2:8 weight ratio. This is supported by the rationale that EC
tends to form a more compact SEI layer on the Li metal sur-
face. Indeed, after replacing DMC with EC/EMC as the
solvent, the cycle life of the LillLi symmetric cell is extended to
~185 cycles (Figure la, red). This improvement in cycle life
coming from using a dual solvent of EC/EMC is much more
pronounced at higher current densities of 1 mA cm™* (Figure 1b,
2 h/cycle) and 2 mA cm™ (Figure 1, 1 h/cycle). Note that
there was no improvement in cycle life when DMC was
replaced with EMC (Figure S1), and therefore, the positive
effects are attributed to the presence of EC, which favors the
formation of a more compact SEI layer.” LIDFOB was found
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Figure 2. (a—d) Surface and (e—h) cross-sectional SEM images of Li after cycling using (a,e) E-control and three LHCEs: (b,f) LiFSI in
DMC-BTFE, (c,g) LiFSI in EC/EMC-BTFE, and (d,h) LiFSI in EC/EMC-BTFE with LiDFOB as an additive. The Li electrodes were cycled
at a current density of 1 mA cm™ and a fixed plating/stripping capacity of 1 mAh cm™> for 100 cycles.

previously to have the ability of forming a robust and conduc-
tive SEI layer by changing the SEI chemistry with oxalatoborate
molecular moieties.'” Therefore, to further improve the cycling
stability of the Li metal anode, a small amount of LIDFOB
(0.15 M) was added into the LHCE with EC/EMC as the
solvent. As shown in Figure 1b, at a moderately high current
density of 1 mA cm™?, the LIDFOB-modified LHCE lasts almost
300 repeated Li plating/stripping cycles, which is approximately
double the cycle life of the LHCE without LIDFOB (~140
cycles). Note that E-control lasts only about 50 cycles, and the
DMC-based LHCE lasts only around 75 cycles under the same
conditions (Figure 1b). In addition to the significantly improved
Li metal cycling stability, the LiDFOB-modified LHCE also
shows a high CE of ~98.5% (expanded view of Figure 1d) after
stabilization, although the CE in the initial 30 cycles is slightly
lower. This is probably due to the decomposition of LIDFOB
on the Li metal anode in the early cycles,” which will be dis-
cussed later in detail. In summary, the above LillLi symmetrical
cell results demonstrate the synergistic effect of EC and
LiDFOB in the carbonate-based LHCEs upon improving the
cycling stability of Li metal anodes.

To study the morphology of Li metal after cycling in the
LHCEs discussed above, surface and cross-sectional scanning
electron microscopy (SEM) images of the Li metal after 100
cycles in LillLi symmetrical cells were collected and are shown
in Figure 2. For E-control, a porous surface layer with large
cracks is observed after cycling (Figure 2a). The corresponding
cross-sectional image (Figure 2e) shows significant corrosion
of the bulk Li metal and the accumulation of a thick porous
“dead” Li layer (~500 ym) due to the excessive reaction of Li
with E-control. In addition, there is also noticeable expansion
of Li metal: its thickness increased from the original 250 ym
(before crimping) to more than 600 ym after cycling. This is
not surprising given the poor Li CE of E-control reported in
Figure 1d, which results in excessive corrosion layer growth.
For the LHCE using DMC as the solvent, a nonuniform
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surface layer with mossy dendrites was also observed (Figure 2b)
after cycling. The cross-sectional image (Figure 2f) shows a
porous dead Li layer about 80—100 pm thick on the Li metal,
and the overall thickness of Li metal and the dead Li layer is
about 240 pum, which is much reduced compared to that
observed using E-control. This is due to the high Li CE of the
DMC-based LHCE that minimizes the side reactions between
the Li metal and the electrolyte. After replacing DMC with
EC/EMC, the surface morphology is drastically changed, as
shown in Figure 2¢. The surface now is covered by a dense SEI
layer, which is attributed to the beneficial effect of EC mole-
cule decomposition. The cross-sectional image (Figure 2g)
shows that the unused bulk Li is ~200 gm thick. However, the
surface layer on the Li metal shows poor adhesion and flaked
off during sample preparation for SEM analysis, making the
exact quantification of its thickness difficult. With further addi-
tion of LiDFOB in the LHCE with EC/EMC as the solvent,
the surface layer shows better adhesion on the Li metal after
cycling and the surface layer morphology becomes even more
compact, as shown in Figure 2d. The unused bulk Li is about
160 um thick, and the corrosion layer is ~80 um thick. The
increasing consumption of bulk Li after addition of LIDFOB is
probably due to the slight detrimental effect of LIDFOB on the
CE of initial stages of cycling, as shown in Figure 1d.

Next, the interfacial resistance of Li metal was evaluated
using electrochemical impedance measurements (EIS) at differ-
ent stages of symmetrical LillLi cell cycling. The semicircle in
Figure 3 of the Nyquist plots of the cells represents the interfacial
resistance in the high-frequency region.”" The values of ohmic
and interfacial resistance are summarized in Table 1. After
20 cycles, all of the LHCEs show an identical ohmic resistance
of about 8 Q cm”. The Li metal using the LHCE with DMC
shows a small interfacial resistance of about 11 Q cm?, which is
only about half of that measured using LHCEs with EC/EMC
(Figure 3a). This is due to the more compact and resistive
surface layer formed using the LHCEs with EC/EMC as the
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Figure 3. Nyquist plots of LillLi symmetrical cells using three carbonate solvent-based LHCEs with BTFE as the diluent. The impedance was
measured (a) after 20 cycles, (b) after 40 cycles, (c) after 80 cycles, and (d) after 100 cycles, at a current density of 2 mA cm™ and a fixed

plating/stripping capacity of 1 mAh cm™2.

Table 1. Summary of Fitting Parameters for Nyquist Plots of LillLi Symmetrical Cells

20 cycles (Q cm™)

40 cycles (Q cm™)

80 cycles (Q cm™2) 100 cycles (Q cm™)

electrolyte R, R R,
DMC 7.5 11 10.5
EC/EMC 8 19 9.5
EC/EMC + LiDFOB 8 20 9.5

R R R Ry R
12.5 33 217

18.5 21 25.5 33 37.5
16 13.3 18.9 17.5 16.5

solvent, as supported by the SEM observations in Figure 2.
After 40 cycles, there is not much change of ohmic and inter-
facial resistance for any of the LHCEs. However, after 80 cycles,
the ohmic resistance of the DMC-based LHCE shows a large
increase to 33 Q cm? indicating a large consumption of
electrolyte (Figure 3c). In contrast, the EC/EMC-based LHCE
without LiDFOB additive shows a moderate increase in the
ohmic resistance to 21 Q cm? and LiDFOB addition further
lowers the ohmic resistance to about 13 © cm® This suggests
that a synergistic effect of EC/EMC and LiDFOB is needed to
reduce electrolyte consumption during cycling. In addition, in
contrast to the EC/EMC-based LHCE without LiDFOB, the
interfacial resistance of the LiDFOB-modified LHCE is very
stable throughout cycling, indicating a more stable and con-
ductive SEI layer on the Li metal. For example, after 100 cycles,
the EC/EMC-based LHCE without LiDFOB additive shows a
further increase of ohmic and interfacial resistances to 33 and
37.5 Q cm’ respectively, while the LiDFOB-modified LHCE
shows a much lower ohmic resistance of 17.5 © cm? and inter-
facial resistance of 16.5 Q cm?.

To further understand the effects of EC/EMC and LiDFOB
on the morphology of the initial Li deposits, 1 mAh cm™> of Li
metal was electrochemically plated on the Cu current collector
and imaged using SEM Figure 4a shows that E-control yields
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needle-like Li dendrites. These Li dendrites have high surface
area and can lead to excessive side reactions between the Li
metal and the electrolyte. For the LHCEs with DMC and EC/
EMC (Figure 4b,c), the surfaces show a different morphology
with granular Li and some voids among deposits. With the
addition of LiDFOB, a more compact and uniform Li deposit
is observed (Figure 4d), suggesting that LIDFOB can further
improve the compactness of Li deposits. This is likely also
responsible for the more compact SEI layer observed in Figure 2d.
Figure 4e shows the elemental composition of the surface layer
on the Li deposits (Figure 4a—d) collected using X-ray photo-
electron spectroscopy (XPS). Compared to E-control and the
LHCEs without LIDFOB, an enhancement of fluorine (F) con-
tent to 1S atom % and incorporation of 2 atom % boron (B) were
found on the Li metal deposited from the LiDFOB-modified
LHCE. This confirms that decomposition of LiDFOB does
participate in the SEI layer formation and changes the com-
position of the SEI layer. The small amount of S and N found
in the surface layer on the Li metal is due to the decomposition
of FSI™ anions from LiFSL'® It has been shown that in HCEs
and LHCEs FSI™ anions will decompose prior to the
carbonate-based solvents."®

Figure 5 shows the XPS spectra of the surface of Li metal
deposited using the above four electrolytes. The C 1s, F 1s, and O
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E-control (a) and three LHCEs: LiFSI in DMC-BTFE (b), LiFSI in EC/EMC-BTFE (c), and LiFSI in EC/EMC-BTFE with LiDFOB (d).
(e) Elemental concentration of the surface layer on the Li metal deposited from E-control and three LHCEs.
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Figure 5. Narrow-scan XPS spectra of the surface layers on the electrodeposited Li metal (C 1s, F 1s, and O 1s) deposited from E-control
and three carbonate solvent-based LHCEs with BTFE as the diluent. The samples were prepared by electrodepositing 1 mAh cm™2 Li onto

Cu foil at a current density of 1 mA cm™> for XPS analysis.

1s peaks have been deconvoluted. The carbonyl group (C=0)
(~289.0 eV) and the ether carbon (C—0O) (286 eV) have been
found on the surface of Li metal deposited from the E-control
and all LHCEs. The C=0 and C—O groups can be attributed
to the decomposition of the carbonate solvents and VC addi-
tive (for E-control). The intensities of the C=0 and C—O
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groups in the surface layer are much lower using the LHCE
with EC/EMC. This is likely due to the beneficial effect of EC,
which forms a more compact SEI layer and reduces the solvent
decomposition on the Li metal. With the addition of LiDFOB,
more C—C and C—H compounds were detected, likely due to
the decomposition of LIDFOB on the Li metal. For the F 1s
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Figure 6. (a) Cycling performance of LilINMC333 batteries using three LHCEs and E-control. (b—d) Charge/discharge voltage curves as a
function of cycle number using three carbonate solvent-based LHCEs with BTFE as the diluent: LiFSI in DMC (b), LiFSI in EC/EMC (c),
and LiFSI in EC/EMC with LiDFOB as an additive (d). (e) Charge/discharge voltage curves versus cycle number using a conventional elec-
trolyte composed of 1 M LiPF, in EC/EMC (3:7 by wt) with 2 wt % VC as an additive. The LilNMC333 batteries were cycled at 1 mA cm™>
for charge/discharge cycles, and the cathode areal loading was 1 mAh/cm?.

peak, the E-control yields a mixture of organic C—F and
inorganic Li—F compounds, but the F 1s peak is dominated by
Li—F compounds using the LHCEs. The F element is
attributed to the decomposition of LiFSI salt and BTFE
diluent on the Li metal."® It is worth pointing out that the Li
metal surface from the LiDFOB-modified LHCE is enriched
with F (mainly LiF) to 1S atom %, which is much higher than
that without LiDFOB (2 atom %). This high content of the
LiF interphase on the Li metal has previously been found to
effectively suppress Li dendrite formation and improve the
interfacial stability of Li metal.'” Therefore, enrichment of LiF
on the Li metal with LiDFOB is another reason for the
improved cycling stability of Li metal in the electrolyte. For the
O 1s peaks, the surface layers from the four electrolytes show
the same peaks corresponding to carbonyl oxygen (C=0) and
lithium monoxide (Li,O). The intensity of the C=0 peak is
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the smallest using the LHCE with EC/EMC. When the
LiDFOB is added, the intensities of the C=0 and Li,O peaks
increase slightly, which can be explained by decomposition of
LiDFOB and incorporation of more C=0O compounds in the
surface layer on the Li metal. It was reported that the
electrochemical reduction of LiDFOB occurs at ~1.6 V vs Li/
Li*** and results in LiF, lithium oxalate, Li,CO,, and cross-
linked oligomeric borates.”® In addition, the DFOB™ anion can
react with other components of the SEI layer such as lithium
semicarbonates.”* These reactions generate stable oli§omers
that are believed to make the SEI layer more elastic.”> The
improvement of SEI elasticity can suppress Li dendrite for-
mation, and Li can deposit beneath the surface layer, providing
Li metal with better protection.”’

To further demonstrate the practicality of the LiDFOB-
modified LHCE for its application in LMBs, LillLiNi, ;;Co, 5
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additive.

Mn, ;0, (NMC333) cells were assembled with different electro-
Iytes and their electrochemical performances were evaluated.
To make a direct comparison to symmetrical cells results and
facilitate data collection, the NMC333 cathode with a low areal
capacity loading of 1.0 mAh cm™ was used for initial tests.
Figure 6a shows the specific capacity of LillNMC333 cells at
different cycle numbers using different electrolyte formula-
tions. As expected, with the conventional LiPF4-based elec-
trolyte (E-control) under 1 mA cm™ charge/discharge current
densities, the LilINMC333 battery exhibits a poor capacity
retention of only 25% after 200 cycles (Figure 6a) as a result of
a fast increase in cell resistance (Figure 6e) mainly related to
the degradation of Li metal anode, as shown by the sym-
metrical cell tests in Figure 1. Because of the poor stability of
the E-control with Li metal, a thick surface layer is accu-
mulated on the Li metal after cycling (Figure 2). In compar-
ison, the LillNMC333 battery tested with the DMC-based
LHCE shows improved cycle life and capacity retention (67%
after 200 cycles). This can be attributed to the improved
stability of the DMC-based LHCE with the Li metal anode. How-
ever, there is an abrupt and fast capacity fade after 140 cycles, and
the battery fails after 300 cycles. Replacing DMC with EC/EMC
in the LHCE enables further improvement in the capacity
retention of the LiINMC333 battery between 150 and 280
cycles, at about 96 and 85%, respectively (Figure 6¢), but the
battery still fails at around 300 cycles. The longest Lill
NMC333 battery cycle life was achieved using the LIDFOB-
modified LHCE with EC/EMC as the main solvent. In agree-
ment with LillLi symmetrical cell results, the addition of
LiDFOB significantly improves the cycling stability of the Li
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metal anode (as shown by the improved Li metal morphology
in Figure S2) and enables approximately 600 stable cycles of
the LilINMC333 battery. This approximately doubles the cycle
life of the Lil[NMC333 battery using the LHCE with EC/EMC
that did not have LiDFOB added. In addition, the LilINMC333
battery was able to maintain a reasonable specific capacity of
110 mAh g™' after 400 cycles, which corresponds to 80%
capacity retention (Figure 6d). This highlights the effectiveness
of LiDFOB in enabling the long-term cycling stability of LMBs
with LHCEs.

To further understand the factors affecting the long-term
cycling stability of LMBs using the LIDFOB-modified LHCE,
the cathode areal loading, the electrolyte volume, and the Li
metal anode thickness were varied, and the corresponding Lill
NMC333 battery performances were tested at a 1 mA cm™>
charge/discharge current density. Figure 7a shows the effect of
the cathode areal loading on the LilNMC333 battery cycle life.
It is obvious that increasing the cathode areal loading has a
detrimental effect on the LilINMC333 battery cycle life. For
example, when the areal loading is doubled from 1 to 2 mAh cm2,
the cycle life decreases from ~600 cycles (Figure 6a) to 200 cycles
(Figure 7a, black). Further increases in the cathode areal
loading to 3.0 and 3.8 mAh cm™? further reduce the cycle life
to 150 and 100 cycles, respectively. Figure 7d shows the
charge/discharge voltage curves for a LilNMC333 battery with
a high cathode areal loading of 3.8 mAh cm™2, and the battery
is able to maintain 84% of its initial capacity after 100 cycles.
It has been previously reported by our group that an increase
of the Li anode areal capacity (by increasing the NMC cathode
areal loading) can cause severe corrosion of the Li metal anode
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and accelerate battery capacity degradation due to a fast
increase of a resistive surface degradation layer.”® The results
presented here therefore are in agreement with our previous
observations. It is also observed that the discharge capacities
slowly increase in the initial 10—30 cycles, which is likely due
to the wetting process of the electrolyte on the cathode.

Figure 7b demonstrates the effect of another important
parameter, electrolyte volume, on the cycle life of LilNMC333
batteries. With a high cathode areal loading of 3.0 mAh cm™2,
increasing the electrolyte volume prolongs the Lil[NMC333
cycle life. For example, increasing the electrolyte volume from
25 to 75 pL during the coin cell assembly, the battery cycle life
increases from 90 to ~130 cycles. This is a relatively small
increase in cycle life considering that the electrolyte amount
was tripled. This is because in LMBs the Li metal anode
continuously reacts with the electrolyte during each plating/
stripping cycle, which consumes electrolyte as well as Li metal,
thus leading to earlier cell failure. In that sense, the more
electrolyte, the longer the cycle life and better the performance
of the LMB. However, the electrolyte also adds to the total
weight of a battery and lowers its energy density. Therefore, it
is important to develop better electrolytes that are stable with
Li metal that can reach a high energy density and last long with
cycling even under lean electrolyte conditions. Figure 7c shows
the effect of Li metal anode thickness on the LillNMC333
battery cycle life. Here the cathode areal loading is fixed at
3.0 mAh cm™, the electrolyte volume is fixed at 25 L, and
two Li metal anode thicknesses (50 or 250 um) are tested. The
LilINMC333 battery cycle life is unaffected by the difference in
Li metal anode thickness even when the Li anode is reduced to
only SO pm (~2.3X excess Li relative to the cathode loading).
This is not unexpected given the high Li plating/stripping CE
(~99%) of the LiDFOB-modified LHCE electrolyte, and a
further reduction of the Li metal anode thickness in the Lill
NMC battery should be possible. The cycle life of the LMBs
can possibly be increased by further optimizing the electrolyte
composition and the charge/discharge current densities.””

In summary, an EC/EMC-based LHCE with LiDFOB as an
additive was developed for LMBs. The addition of LiDFOB in
LHCE significantly improves the cycling stability of the Li
metal anode while maintaining a high Li CE of ~99%. This
improvement was also demonstrated in a LillNMC333 battery
system. With a high cathode areal loading of 3.8 mAh cm™,
the LillNMC333 battery can still maintain 84% of its initial
capacity after 100 cycles even at lean electrolyte conditions,
highlighting the advantages of LHCEs in high energy density
LMBs. This work also provides useful information for the
design of novel organic electrolytes for next-generation LMBs
with high energy densities.
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