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HIGHLIGHTS

e FGN-182 electrolytes exhibit highly reversible Li plating/stripping with an average Coulombic efficiency reaching up to 99.56%

determined from Auerbach’s test.

e The gas-evolution process of LiNO; in high-voltage lithium cobalt oxide (LCO) cathodes is revealed by in situ differential electro-

chemical mass spectrometry.

e Pouch cells equipped with high-loading LCO (3 mAh cm™2) cathodes, ultrathin Li chips (25 um), and lean electrolytes (5 g Ah™!)
using optimized electrolyte (FGN-182 + 1%HTCN) demonstrate outstanding cycling performance.

ABSTRACT The lithium (Li) metal anode is widely regarded as an ideal anode

material for high-energy-density batteries. However, uncontrolled Li dendrite growth P -

often leads to unfavorable interfaces and low Coulombic efficiency (CE), limiting its [ﬁ'

broader application. Herein, an ether-based electrolyte (termed FGN-182) is formu- i%\f}/ﬁl | b

lated, exhibiting ultra-stable Li metal anodes through the incorporation of LiFSI and “\( "%‘

LiNOj as dual salts. The synergistic effect of the dual salts facilitates the formation | -3 .

of a highly robust SEI film with fast Li* transport kinetics. Notably, LillCu half cells }4 ;

exhibit an average CE reaching up to 99.56%. In particular, pouch cells equipped with Li anode (25 ‘;m) LCO cathods
high-loading lithium cobalt oxide (LCO, 3 mAh cm™?) cathodes, ultrathin Li chips oLt ’%15.: FSE 3o NO;  eof® HICN  iyhvbyey DEGOME

(25 pm), and lean electrolytes (5 g Ah™") demonstrate outstanding cycling perfor-
mance, retaining 80% capacity after 125 cycles. To address the gas issue in the cathode under high voltage, cathode additives 1,3,6-tricy-
anohexane is incorporated with FGN-182; the resulting high-voltage LCOIILi (4.4 V) pouch cells can cycle steadily over 93 cycles. This
study demonstrates that, even with the use of ether-based electrolytes, it is possible to simultaneously achieve significant improvements in

both high Li utilization and electrolyte tolerance to high voltage by exploring appropriate functional additives for both the cathode and anode.
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1 Introduction

The ongoing development of electric vehicles and portable
electronics underscores the urgent need for the next gen-
eration of efficient rechargeable batteries [1-3]. Notably,
lithium (Li)-ion batteries have garnered considerable atten-
tion owing to their high energy density [4—7]. However, the
conventional graphite anode, providing a capacity of only
372 mAh g7}, falls short of meeting the evolving demands
of society. Li metal is widely recognized as an ideal anode
material for Li metal batteries (LMBs) due to its excep-
tionally high theoretical specific capacity (3860 mAh g1
and lowest reduction potential (—3.04 V vs. SHE) [8-11].
Despite their broad application prospects, LMBs encounter
several fundamental challenges and technical limitations.
Of particular concern is the ever-growing Li dendrites and
the occurrence of parasitic reactions with most electrolytes,
which leads to poor cycling performance and safety con-
cerns. Given that the formation of Li dendrites and interfa-
cial reactions are heavily influenced by the surface charac-
teristics of Li metal anodes, establishing an effective solid
electrolyte interphase (SEI) on the Li surface emerges as a
crucial approach for enhancing the performance of LMBs.
Meanwhile, it is also crucial to consider the thickness of the
Li metal anode, as practical applications necessitate energy
density considerations. This oversight can lead to an exces-
sive amount of Li metal anode in the evaluation of the full
cell, making it difficult to accurately assess its true perfor-
mance. Therefore, it is essential to use a limited amount of
Li in full-cell testing to ensure a more realistic evaluation of
overall battery performance.

Various strategies have been proposed to achieve stable
Li metal anodes, including electrolyte optimization [12—-16],
artificial SEI layers [17-21], three-dimensional (3D) com-
posite anodes [22-27], and solid-state electrolytes [28—33].
Among these approaches, the use of electrolyte additives
stands out as a simple and effective method for controlling
the nucleation and growth behavior of Li deposition and has
been extensively investigated. In general, the Fermi level
of Li metal is higher than the lowest unoccupied molecular
orbital (LUMO) of almost all electrolytes (including sol-
vents and Li salts), leading to the inevitable reduction of
electrolyte molecules on the Li surface to form a SEI film.
In addition, the resulting SEI film is typically nonuniform,
exhibiting poor Li* conductivity, and thereby leading to the
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growth of Li dendrites due to heterogeneous Li nucleation.
Hence, compared to electrolyte molecules, the incorporation
of desirable additives with lower LUMO energy levels can
facilitate their earlier reduction on the Li surface, resulting
in the formation of a robust SEI film with fast Li* kinet-
ics. This film, in turn, effectively governs the uniform Li
deposition, thereby enabling the production of dendrite-free
Li metal anodes. Wang et al. proposed using glycolide as
an additive to enhance the cycling stability of ultrathin Li
metal anodes, as it decomposes on the Li surface to enrich
the organic components in the SEI, thereby improving the
uniformity of Li deposition [34]. Qian and colleagues dem-
onstrated the formation of dense SEI passivation films on the
surface of Li metal anode, derived from the electrochemical
decomposition of NFSALI attributed to its lower LUMO
energy levels [35]. Hence, LiNiy sMn, ;O4ILi LMBs uti-
lizing NFSA-containing electrolytes exhibited remarkable
cycling stability, retaining 93% capacity after 400 cycles,
along with improved Coulombic efficiency. Very recently,
Li et al. introduced LiDFP and LiNOj into the electrolyte to
adjust the SEI composition, leveraging their lower LUMO
energy levels compared to the solvents for preferential reduc-
ibility, resulting in a stable SEI containing LiF and Li;N,
promoting rapid Li* transport and uniform Li deposition
[36].

While numerous electrolyte additives have been identi-
fied to enhance the stability of Li metal anodes, they may,
however, have detrimental effects on the cathode, a factor
that is often overlooked; in particular, such side effects can
be amplified for high-voltage cathodes. For instance, desir-
able additives with relatively lower LUMO energy levels
tend to preferentially reduce at the anode, leading to the
formation of a stable SEI film. However, if these additives
possess relatively high highest occupied molecular orbital
(HOMO) energy levels, they may undergo oxidation at lower
potentials before fully charged. Therefore, while additives
with low LUMO energy levels may contribute to SEI stabil-
ity, their compatibility with high-voltage positive electrodes
must also be carefully considered in full cells. Although
LiNO; is well-known for its beneficial stabilizing effect on
Li metal anodes, its influence on the cathode side, especially
in high-voltage applications, has been given limited atten-
tion. Under high-voltage conditions, LiNO; may undergo
oxidation processes, potentially leading to the generation
of gases or other unfavorable by-products. These reactions
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Scheme 1 Schematic diagram illustrating high-voltage full cells utilizing a FGN-182+ 1%HTCN and b FGN-180 electrolytes, as well as their
respective effects on the SEI for Li metal anodes and the CEI for LCO cathodes

could adversely affect the performance and lifespan of the
battery, highlighting the need for a comprehensive under-
standing and optimization of electrolyte components for
enhanced battery cycling performance. Moreover, numerous
reports indicate that ether-based electrolytes, compared to
their carbonate-based counterpart, exhibit stronger compat-
ibility with Li metal; however, suffering from their relatively
poor oxidative stability (<4 V), there are few reports of
ether-based electrolyte that successfully balance both stable
Li metal anodes and high-voltage (>4.2 V) cathodes.

In this study, an ether-based electrolyte (FGN-182) is
developed that exhibits remarkable stability toward Li metal
anodes by incorporating LiFSI and LiNO; as dual salts. The
synergistic effect of the dual salts facilitates the formation of
a highly robust SEI film with desirable Li* kinetics, thereby
efficiently regulating Li deposition and preventing dendrite
growth. Consequently, LillLi symmetric cells utilizing FNG-
182 electrolytes demonstrate outstanding stability in Li plat-
ing/stripping operations for over 1600 h, and LillCu half cells
exhibit an average Coulombic efficiency (CE) reaching up
to 99.56% as determined by the Auerbach test. The coin-
cell configurations with high-loading LiNi,;Co,,sMn, 50,
(NCML111, 2.5 mAh cm_z) and ultrathin Li chips (25 pm)
result in a low negative/positive (N/P) ratio of 2.06, provid-
ing remarkable cycling stability with 80% capacity retention
over 140 cycles at 0.5 C. Moreover, in order to investigate
high-voltage applications (charged to 4.4 V), pouch cells
are constructed using lithium cobalt oxide (LCO) electrodes
loaded at 3 mAh cm™2, 25 pm Li foils (resulting in an N/P
ratio of 1.7), and lean electrolytes at 5 g Ah~!. The results

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

reveal that the presence of LiNO; adversely affected the
cathode performance at high voltage (gas generation), result-
ing in an 80% capacity retention after only 28 cycles. To
address this issue, the cathode additive 1,3,6-tricyanohexane
(HTCN) is further introduced; in the ultimately optimized
electrolyte (FGN-182 + 1%HTCN), stable cycling could be
extended to 93 cycles. Therefore, considerations are made
for both the cathode and anode in such a formula, effectively
enhancing the cycling performance of full cells (depicted in
Scheme 1a), and thereby providing valuable insights for the
practical application of high-voltage LMBs. However, in the
baseline electrolyte (FGN-180), not only does the Li metal
anode suffer ongoing Li dendrite growth due to an uneven
SEI film, but also the cathode electrode fails to form a stable
CEI film, leading to rapid material degradation, as illustrated
in Scheme 1b.

2 Results and Discussion
2.1 Physicochemical Characterization of Electrolytes

Considering the excellent solubility of LiNOj, ether sol-
vents, specifically, two commonly used ether solvents,
1,2-dimethoxyethane (DME) and diethylene glycol dimethyl
ether (DEGDME), were employed as the electrolyte base
in this study. Their HOMO energy levels are depicted in
Fig. S1. While DME is a conventional electrolyte solvent in
Li-S batteries [37, 38], it possesses a relatively narrow elec-
trochemical window. As shown in the Fig. S1b, DEGDME
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(—5.6053 eV) exhibited a lower HOMO energy level
compared to DME (—5.2137 eV) due to its longer meth-
ylene ether chain, suggesting enhanced oxidative stability,
which holds promise for application in high-voltage LMBs.
Extending the length of the methylene ether chain, such as
with triethylene glycol dimethyl ether and tetraethylene gly-
col dimethyl ether, may indeed improve oxidative stability.
However, this study refrains from further exploration of this
aspect due to the anticipated rise in viscosity associated with
increased chain length.

To examine the influence of LiNO;, this study varied
the LiIFSI: DEGDME:LiNOj; ratio across different propor-
tions: 1:8:0, 1:8:0.2, 1:8:0.4, 1:8:0.8, 1:8:1, 1:8:2, and 1:8:3
(referred to as FGN-180, FGN-180.2, FGN-180.4, FGN-
180.8, FGN-181, FGN-182, and FGN-183, respectively).
Here, the LiIFSI:DEGDME ratio of 1:8 approximately cor-
responds to 1 M Li salt. The viscosity and conductivity of
various electrolytes were initially investigated, and the find-
ings are shown in Fig. S2. The conductivity of FGN-180
electrolytes was measured at 7.5 mS cm™', which gradu-
ally decreases with the addition of LiNOj;. Specifically, the
conductivities were 7.3, 6.8, 6.1, 5.7, 3.9, and 2.6 mS cm™!
for FGN-180.2, FGN-180.4, FGN-180.8, FGN-181, FGN-
182, and FGN-183 electrolytes, respectively (Fig. S2). The
decrease in conductivity observed with increasing Li* con-
centrations (> 1 mol L") is consistent with earlier research
[39]. In contrast, viscosity exhibited the opposite pattern,
rising from 10.3 mPa s for FGN-180 to 14.1 mPa s for FGN-
182, and significantly further to 26.3 mPa s for FGN-183
electrolytes. While LiNO; is acknowledged for enhancing
Li metal anode performance, the substantial increase in
viscosity linked to higher LiNO; concentrations suggests
a trade-off.

2.2 Electrochemical Performance of LillCu and LillLi
Symmetrical Cells

The CE of Li plating/stripping on LillCu coin cells was
assessed using various electrolytes under different condi-
tions (Figs. 1a—c and S3). At 0.5 mA cm™2 with a capacity of
1 mAh cm~2, the CE of the FGN-180 electrolyte is notably
low (approximately 70%, cf. Fig. 1a), significantly inferior
to traditional DME-based electrolytes (>95%). This could
be attributed to its failure to form a stable SEI film. In con-
trast, in electrolytes with a low LiNO; content (FGN-180.2

© The authors

electrolytes, cf. Fig. S3), the CE significantly increases to
95% after 20 cycles. This improvement is attributed to the
formation of a robust SEI film, although the CE begins to
decline after 100 cycles. As anticipated, the CE substan-
tially improves with LiNO; addition. For instance, in the
FGN-181 electrolyte, the CE remained above 98% for over
400 cycles (Fig. 1b). Remarkably, the FGN-182 electrolyte
achieved a CE of around 99% even after 1400 cycles, with
an average CE of 98.82% between the 1200th and 1400th
cycles (Fig. S4a). Additionally, Fig. 1d illustrates the capac-
ity-voltage profiles for the Li plating/stripping process of
FGN-182 electrolytes across different cycles. As depicted by
the corresponding polarization curves, the FGN-182 exhib-
ited an overpotential of 36 mV during the 1st cycle, which
decreased to 30 mV in the 500th cycle, and then slightly
rose to 34 mV in the 1000th cycle, delivering a notable low
Li plating/stripping overpotential during prolonged cycling.
However, further increasing the LiNO; content (FGN-183
electrolytes) yielded a stable CE for only 800 cycles before
encountering a decline, likely attributable to a substantial
increase in viscosity (cf. Fig. S2).

For comparison, bare LiNO; in DEGDME with varying
concentrations was also evaluated. As shown in Fig. S5, the
electrolyte containing 1 M LiNOj; exhibited a CE of less
than 95% and started to decline after 50 cycles. Despite the
enhanced stability resulting from the addition of LiNO;, the
CE only reached around 95% even in fully saturated LiNO,
electrolytes (between 5 and 7 M) and deteriorates to below
10% after 240 cycles. This implies that the presence of
LiNO; alone is inadequate, despite its ability to effectively
regulate Li deposition. Further conductivity tests revealed
that although the conductivity of the pure LiNO; electrolyte
(in DEGDME) increased with higher Li salt concentrations,
it remained low, reaching only 0.69 mS cm™! even in a satu-
rated LiNOj; electrolyte (Fig. S6), which is less than one-
tenth that of the FGN-180 electrolyte. This emphasizes the
synergistic interaction between LiFSI and LiNO; in forming
a stable Li metal anode.

When the current density was enhanced to 1.0 mA cm™>
(with a capacity of 2 mAh cm™2), the CE of FGN-182 elec-
trolytes remained 98.8% even after 350 cycles (Fig. 1c),
showing stable cycling, with an average CE of 98.74%
between 300th and 350th (Fig. S4b). In addition, Fig. le
shows the overpotential of only 65, 51, and 88 mV for FGN-
182 at 1st, 150th, and 300th, respectively, while the FGN-
181 electrolyte displayed a CE of 98.4% at 100 cycles and

https://doi.org/10.1007/s40820-024-01479-1
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Fig. 1 CE of LillCu cells using a FGN-180 and b, ¢ FGN-181, FGN-182, and FGN-183 electrolytes at different currents/capacities. d—f Voltage
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Cycling performance of the LillLi symmetric cells using FGN-180 and FGN-182 electrolytes

droped to 86.3% at 174 cycles. Similarly, the FGN-183 elec-
trolyte delivered a long-term cycling performance with high
CE for the first 200 cycles, but then experienced a decline
after 250 cycles. Remarkably, even at a higher capacity of
4 mAh cm™2 with a current density of 1 mA cm~2, the CE
of FGN-182 electrolytes was still maintained at 99.1% after
180 cycles (Fig. S7). Moreover, the average CE between
300th and 350th still yielded 98.84% (Fig. S4c). However,
FGN-181 and FGN-183 electrolytes exhibited inferior stabil-
ity, with a decreased CE observed after 60 and 140 cycles,
respectively. Figure 1f displays the overpotential variation
for FGN-182 electrolytes, showing a similar trend com-
pared to lower current densities/capacities (Fig. 1d, e). As

)
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o

expected, the FGN-180 electrolyte exhibited poor stability
upon increasing densities/capacities (Fig. 1a).

We further evaluated the CE values of Li metal anodes
using Auerbach’s method to demonstrate the superiority of
the optimized electrolyte [40]. The FGN-182 electrolyte
exhibited a CE as high as 99.56%, indicating an exceptional
plating/stripping process (Fig. 1g). In contrast, the CE in the
conventional ether-based and carbonate-based electrolytes
was only 96.69% and 82.26% (Fig. S8a, b), respectively.
These results suggest that cells using FGN-182 electrolytes
exhibit highly reversible electrode reaction kinetics. To fur-
ther emphasize the superior CE of our optimized electrolyte

@ Springer
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FGN-182, we have included a performance comparison of
electrolyte optimizations in Table S1.

To verify the excellent electrochemical stability of Li
anode by using FGN-182 electrolytes, LillLi symmetric cells
were assembled, followed by galvanostatic discharge/charge
tests of the cells with a Li cycling amount of 1 mAh cm™
under 1 mA cm™2 (Fig. 1h). During the initial 5 cycles of the
symmetric cells using FGN-182 electrolytes, an overpoten-
tial of about 55.1 mV can be observed (Fig. S9a), which then
reduced to 25.8 mV after 200 h due to the stabilization at the
beginning (Fig. S9b). Moreover, the overpotential remained
at about 40 mV even after 1000 h of cycling (Fig. S9¢). In
contrast, the FGN-180 exhibited an initial overpotential of
approximately 69.8 mV and experienced a rapid increase
in polarization, leading to cell failure in less than 300 h of
cycling. The results indicate that the FGN-182 electrolyte
effectively regulates Li deposition, preventing dendrite for-
mation and significantly extending cell lifespan.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to investigate the interfacial stability of cells with
FGN-180 and FGN-182 electrolytes (Fig. S10). After the
first cycle, the FGN-182 electrolyte exhibited slightly lower
impedance than FGN-180, indicating a more stable elec-
trode interface. Notably, the Li electrode in FGN-180 elec-
trolyte showed a dramatic decrease in impedance after 10
cycles, followed by a further decrease after 20 cycles, due
to the formation of Li dendrites in the early stages of battery
cycling. However, after 50 cycles, the FGN-180 electrolyte
exhibited a significant increase in impedance, which can be
attributed to the continuous formation of the SEI layer due
to Li dendrite growth during prolonged cycling. In contrast,
the impedance of the FGN-182 electrolyte decreased ini-
tially after 10 cycles, rose slightly after 20 cycles, and then
remained stable after 50 cycles. This behavior indicates the
formation of a stable SEI layer, which is facilitated by the
incorporation of LiNOj.

2.3 Analysis of Solvation Structure in Different
Electrolytes

The solvation structure of FGN-180, FGN-180.2, and FGN-
182 electrolytes was further investigated through theoretical
simulations using molecular dynamics (MD). Figure 2a—c
displays the relevant MD simulation snapshots. The ini-
tial configuration of each salt-solvent composite system

© The authors

was established by randomly distributing LiFSI, DEG-
DME, and LiNO; molecules (Fig. 2g-i) according to their
respective experimental molar ratios in the MD simulation
box. According to the radial distribution function (RDF)
(Fig. 2d—f) and the relevant coordination numbers (Tables S2
and S3), the first Li* coordination shell (within 1.90 A) of
FGN-180 primarily comprises Li-Ogg; and Li-Opggpmes
with coordination numbers of 2.071 and 2.778, respectively.
This corresponds to the solvated FSI™ observed at Raman
shifts of 720.1 and 1219.6 cm™' [41], as well as the solvated
DEGDME observed at 880.2 cm™! (Fig. S11, red line) [42].

Following the addition of LiNO;, the RDF peaks of
FGN-180.2 shifted to 1.84 A for Li-Opg; and 1.90 A for
Li—Opggpme, With respective decreased coordination num-
bers of 1.852 and 2.370. Furthermore, a new peak emerged
at 1.88 A corresponding to Li—Oyg; with a coordination
number of 0.496. These findings are corroborated by a new
peak in the Raman shift at 1038.3 cm™! (Fig. S11, blue
line), indicating the incorporation of LiNOj; in the solva-
tion structure of Li*. With a further increase of LiNO5 con-
tent, the coordination numbers corresponding to Li—Opg;
and Li-Opggpyg of the FGN-182 decrease to 0.903 and
1.587, respectively. In contrast, the coordination numbers
of Li-Oyj3 increase to 2.037. These results imply the forma-
tion of a NO;™-rich solvation structure, which aligns with
the Raman results revealing a prominent peak associated
with NO;™, along with a slight blueshift (Fig. S11, green
line). Therefore, the solvation structure analysis of FGN-182
electrolytes suggests its facilitative role in promoting the
reduction of LiNO; on the Li surface, thereby contributing
to the formation of a stable SEI film.

2.4 Characterization of Li Deposition Morphologies
and Li* Diffusion Kinetics in SEI

The deposition behavior of Li metal onto Cu foil was then
investigated using scanning electron microscopy (SEM). As
shown in Fig. 3a, the FGN-180 electrolyte revealed uneven
Li deposition, characterized by the growth of needle-like Li
structures at a deposition amount of 0.2 mAh cm™2. Upon
further increasing the deposition amount to 2 mAh cm™
(Fig. 3b), cracks began to appear as a result of ongoing het-
erogeneous Li deposition.

However, with the addition of a small amount of LiNO;

(FGN-180.2 electrolytes (Fig. S12a), the deposition

https://doi.org/10.1007/s40820-024-01479-1
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behavior of Li underwent a qualitative change, transition-
ing to the sphere-like Li, which is consistent with previous
studies. At a deposition of 2 mAh cm~2, uniformly and
compactly Li covered the entire Cu substrate (Fig. S12d).
Furthermore, with a further increase in LiNO; content, we
found that the initial nucleation (0.2 mAh cm™?) tended
to form smaller particles (cf. Figs. S12, S13, and 3c, d),
and the sizes of Li particles were very similar in FGN-
182 and FGN-183 electrolytes, indicating that further

SHANGHAI JIAO TONG UNIVERSITY PRESS

increasing the LiNO; content had a negligible effect on
the Li nucleation.

For comparison, bare LiNO; dissolved in DEGDME was
further studied; the sphere-like Li deposition (Fig. S14a—h)
can be also observed at different concentrations of LiNO;
with a Li plating capacity of 0.2 mAh cm~2. As mentioned
earlier, the size of Li particles decreased with increasing
LiNO; concentration from 1 to 3 M. However, with fur-
ther increases in concentration (5 M and saturated), the

@ Springer
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reduction in Li particle size became negligible, indicating
that particle size was no longer influenced by the LiNO,
concentration. Upon reaching a deposition capacity of
2 mAh cm™2, all electrolytes exhibited similar behavior,
resembling the Li morphology observed in the FGN-182.

Considering that pure LiNO; electrolytes (dissolved
in DEGDME) only achieved around 95% CE, thus, the
synergistic effect of LiFSI and LiNOj; is crucial for con-
structing a desirable SEI film thus obtaining higher CE. To
further validate the superiority of electrolytes with opti-
mized LiNO; content, we also analyzed the cross-sectional
SEM images of Li deposition morphologies in FGN-180
and FGN-182 electrolytes. As shown in Fig. 3e—g, the
uneven Li deposition in FGN-180 electrolytes resulted
in porous Li. Additionally, even at a deposition capac-
ity of 8 mAh cm~2, needle-like Li formations were evi-
dent, corresponding to the previously noted low CE due
to ineffective SEI film formation. A notable difference
was observed in FGN-182 electrolytes, where the thick-
nesses at deposition capacities of 2, 4, and 8§ mAh cm™2
yield 11, 21, and 42 pm, respectively (Fig. 3h—j). These
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values closely match the theoretical thickness of dense Li
(1 mAh cm™2~4.85 pm), further confirming the ultrahigh
CE mentioned above.

The kinetics of Li migration beneath the SEI in different
electrolytes was then assessed. The Tafel slopes of various
electrolytes were investigated and extracted from the cyclic
voltammetry (CV) curves depicted in Fig. 3k. Subsequently,
the exchange current density (j,) was determined from the
corresponding Tafel plots to characterize the charge-transfer
kinetics within the SEI. As depicted in Fig. 31, the carbon-
ate-based electrolyte containing 1 M LiPF, in EC/EMC
(referred to as EE37) exhibited a slightly higher exchange
current density of 0.27 mA ¢cm™ compared to that of FGN-
180 electrolytes, which is only 0.21 mA cm~2. However, the
incorporation of LiINO; enhanced the exchange current den-
sity, reaching 0.29 and 0.36 mA cm~ for FGN-181 and
FGN-182 electrolytes, respectively, with a negligible
improvement to 0.37 mA cm~ for the FGN-183 electrolyte.
This enhanced exchange current density further suggests
accelerated SEI kinetics and, consequently, sufficient Li*
concentration availability beneath the SEI to facilitate

https://doi.org/10.1007/s40820-024-01479-1
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spherical Li deposition, aligning with the earlier observa-
tions (Figs. 3a—d and S12-S13). In addition, the kinetics of
Li* transport of different SEI films generated in various elec-
trolytes were further investigated using EIS of symmetric
cells using Li electrodes across temperatures ranging from
20 to 60 °C (Fig. S15). The activation energy (E,) for Li*
transport via SEI films can be deduced utilizing the Arrhe-

nius formula: RZ! £, ) [43, 44]. A lower E, signi-

SEI

= exp(— =
fies greater dynamics of Li* transport via the SEI layer. This
leads to a higher concentration of Li* beneath the SEI, facili-
tating the formation of larger Li particles rather than den-
dritic Li. As depicted in Fig. 3m, n, the E, for Li* diffusion
through the SEI in the EE37 electrolyte was determined as
73.9 kJ mol~!, slightly reducing to 66.2 kJ mol™! in the
FGN-180 electrolyte, and further decreasing to 60.8 kJ mol ™!
in the FGN-181 electrolyte. These findings suggest that the
formation of a robust SEI film due to the synergistic effect
of LiFSI and LiNO; exhibits favorable Li* transport charac-
teristics. Consequently, smaller E, values (59.9 and
55.7 kJ mol™") were noted in FGN-182 and FGN-183 elec-
trolytes, indicating an increased Li* concentration beneath
the SEI, thereby facilitating the formation of larger Li par-
ticles, consistent with the analysis of exchange current den-
sity and SEM results.

In addition, the Li" transference number (ti4) was
assessed using EIS and chronoamperometry techniques for
both FGN-180 and FGN-182 electrolytes. As illustrated in
Fig. S16 and determined by the Bruce—Vincent equation
(see Supporting Information), the #;, value for FGN-182
electrolytes is 0.63, which exceeds the value of 0.52 for
FGN-180 electrolytes. According to Sand’s time formula, a
higher 7 ;, implies better suppression of Li dendrite forma-
tion. Therefore, it is anticipated that the FGN-182 electrolyte
will effectively inhibit Li dendrite growth, thereby achieving
uniform Li deposition.

2.5 Characterization of SEI Composition

The composition of SEI is significantly impacted by the
decomposition of solutes or solvents within the electrolyte.
Utilizing density functional theory (DFT) based on the fron-
tier molecular orbital theory, we calculated the molecular
orbital energies of solvents and additives to elucidate their
role in SEI formation. A lower LUMO energy level of the
molecule suggests that its innermost unoccupied electron

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

orbital is situated at a lower energy level, rendering it more
prone to electron filling from external sources. Conse-
quently, this facilitates the molecule’s reduction at higher
voltages. As depicted in Fig. 4a, LiNO; exhibited the low-
est LUMO (—2.3690 eV) energy level, indicating its prior-
ity in reduction and participate the formation of SEI film.
This facilitated uniform Li* transport with faster kinetics. In
contrast to DEGDME (—0.7084 eV), LiFSI (—2.2739 eV)
exhibited a lower LUMO energy level, indicating its prefer-
ence for reduction to form the SEI film. However, despite its
lower LUMO energy level, LiFSI alone demonstrates poor
CE performance, suggesting its inadequacy in forming an
effective SEI film when used as the sole component in the
electrolyte. Similarly, electrolytes solely comprising LiNO;
also fail to achieve desirable CE, despite its recognized effi-
cacy in enhancing Li deposition. Hence, the collaborative
interplay of LiFSI and LiNOj is crucial in the formation of
the SEI film.

To investigate the composition and structure of the SEI
film, in-depth X-ray photoelectron spectroscopy (XPS)
analysis was further performed on the cycled Li electrode
in FGN-180 and FGN-182 electrolytes. In the C 1s spectra
(Fig. S17), the peaks at 284.8, 286.7, 288.8, and 289.9 eV
correspond to C-C, C-0O, C=0, and CO32_ [45], respec-
tively. These carbon peaks arise from the electrochemical
reduction of DEGDME. The presence of an extremely weak
signal at 290.6 eV for C-F suggests a possible unknown
contaminant. The intensity of the C 1s spectrum exhibited
slight changes with etching depth from the surface to 80 nm
in both FGN-180 and FGN-182 electrolytes. Notably, as
depicted in Fig. S20a, the proportion of C atoms in the SEI
of the FGN-182 electrolyte consistently remained lower
than that in FGN-180 with increasing etching depth. This
suggests a decreased reduction of DEGDME molecules in
the FGN-182 electrolyte, highlighting the formation of a
stable SEI facilitated by the inclusion of LiNOj;. Further
examination of the O ls spectrum revealed three distinct
peaks at 530.9, 531.6, and 532.4 eV, corresponding to C=0,
C-0, and CO,>~ [46], respectively (Fig. S18). In addition,
the peak at 532.5 eV in the O 1s spectrum overlaps with the
N-O bonding peak from LiNOj; in the FGN-182 electrolyte
[47]. A low binding energy peak at approximately 528.2 eV,
indicating Li,O [48], was observed with increasing etching
depth for both electrolytes, suggesting that Li,O predomi-
nantly resides in the inner layer of the SEI film. Detailed
analysis revealed a marginal difference in O content between
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FGN-180 and FGN-182 electrolytes (Fig. S20b). This dif-
ference arises from the higher decomposition of DEGDME
contributing to SEI formation in the FGN-180 electrolyte
compared to FGN-182, while LiNOj serves as an additional
O source in the FGN-182 electrolyte.

The F 1s spectra are depicted in Fig. S19 revealed negli-
gible C-F signal on the surface of cycled Li in both electro-
lytes, with LiF being the predominant species. Moreover,
with increasing etching depth, the LiF content in the FGN-
182 gradually exceeds that in the FGN-180 electrolyte. As
LiF is solely produced through the decomposition of LiFSI,
these findings suggest that the inclusion of LiNOj; in the
FGN-182 electrolyte facilitated the reduction of FSI™, ena-
bling its involvement in SEI film formation. LiF possesses
advantageous properties among solids, characterized by the
widest bandgap (13.6 eV) and the broadest electrochemical
stability window [49]. Moreover, LiF possesses a remark-
ably high surface energy (y) with a low diffusion barrier
for Li adatoms on its surface [50]. Serving as an effective
electron insulator, LiF hampers electron transfer across the
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interphase and significantly avoids electrolyte consumption
and dendrite generation [51].

The N 1s spectra of the SEI formed in FGN-182 elec-
trolytes predominantly originate from LiNO;, while in the
FGN-180, it primarily arises from LiFSI. The incorpora-
tion of LiNO; resulted in the enrichment of the SEI with
LiN,O,, contrasting with NSO,™ in FGN-180 electrolytes
(Fig. 4b) [52]. Both LiN,Oy and Li;N, characterized by
high ion conductivity (107> S ecm™!) [53], enhance the ion
diffusion characteristics within the SEI. Following the dif-
fusion-reaction competition principle, rapid Li* diffusion
within the SEI film promotes the deposition of spheri-
cal Li, well agrees with the analysis of SEI properties.
These results also align with the SEM analysis mentioned
earlier, indicating that the N-containing SEI coordinates
with components like Li;N and LiN, O,, facilitating a more
uniform Li* transport. Particularly, the peaks observed at
407.7 and 403.9 eV correspond to NO;™ and NO, ™, respec-
tively, suggesting incomplete decomposition of LiNOj; in
the FGN-182 electrolyte at the interface.

https://doi.org/10.1007/s40820-024-01479-1
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Overall, higher levels of N, and F content within the
SEI layer are evident in the FGN-182 electrolyte (Figs. 4c
and S20c), affirming the collaborative impact of LiFSI and
LiNOj; on SEI film formation.

2.6 Characterization of Li Morphologies After Cycling

In practical applications, an excess of Li is typically nec-
essary to prevent rapid capacity degradation. Therefore,
studying the Li plating/stripping behavior on Li substrates
is equally crucial. Consequently, the morphology of Li in
LillLi half cells using FGN-180 and FGN-182 electrolytes

FGN-182

after cycling at 0.5 mA cm™2 with 1 mAh cm™2 was fur-
ther examined through SEM and atomic force microscopy
(AFM).

We first investigated the morphology of Li plating/strip-
ping during the initial cycle. It can be observed that in the
FGN-180 electrolyte, during the homogenous nucleation
process (on the Li substrate, Fig. 5a, b), Li tended to form
needle-like structures on the scale of hundreds of nanom-
eters, resulting in a larger specific surface area compared
to the micron-level needle-like Li formed during hetero-
geneous nucleation (on the Cu substrate, Fig. 3a, b). On
the Li stripping side, the local stripping of Li in FGN-180
electrolytes resulted in the formation of some pits (Fig. 5c,

Stripping 1 mAh cm?

0.5 pm
0.4

0.2
0.0
-0.2

-0.4
-0.5

Fig. 5 Surface SEM images of symmetric cells using a—d FGN-180 and e—h FGN-182 electrolytes after plating and stripping 1 mAh cm™ at a
current density of 0.5 mA cm~2. The relevant surface SEM and corresponding AFM images after 10 cycles using i-k FGN-180 and I-n FGN-182

electrolytes
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d). As expected, the synergistic effect of LiFSI and LiNO,
in FGN-182 electrolytes effectively regulates the uniform
Li deposition due to the formation of a robust SEI film
with homogeneous Li* flow, resulting in even larger-scale
spherical Li morphologies compared to heterogeneous
nucleation (Fig. Se, f). Moreover, no pits were observed on
the stripping side, indicating a uniform stripping process
in FGN-182 electrolytes (Fig. 5¢g, h).

The morphological evolutions of Li were further evalu-
ated after 10 cycles. In FGN-180 electrolytes, Li electrodes
exhibited a rougher surface and slightly larger needle-like
structures due to the uneven plating/stripping processes
(Fig. 51, j), as well as localized Li protrusions observed in
AFM (Fig. 5k). In contrast, FGN-182 electrolytes presented
a smooth Li surface (Fig. 51, m) due to rapid Li* diffusion
kinetics and effective regulation of Li deposition, as further
confirmed by AFM results (Fig. 5n). After 50 cycles, the
Li electrode in FGN-180 electrolytes deteriorated further
(Fig. S21a, b), accompanied by dendritic Li growth. In con-
trast, the Li surface remained densely compact in FGN-182
electrolytes (Fig. S21c, d), devoid of dendritic growth.

These findings indicate that the integration of LiFSI and
optimized LiNO; content has facilitated the development of
an efficient and highly stable electrolyte (FGN-182), ensur-
ing uniform Li* flow and dendrite-free Li metal anodes.

2.7 Stability Evaluation of NMC111IILi Coin Cells
and LCOIILi Pouch Cells

To comprehensively assess the electrochemical performance
of the electrolytes, coin cells were constructed utilizing high-
loading NCM111 cathodes (2.5 mAh cm™2) and Li chips
(25 pm, ca. 5 mAh cm_z) as anodes. Before full-cell testing,
the electrochemical stability of the electrolyte was evaluated
using linear sweep voltammetry (LSV). The results indi-
cate that FGN-182 electrolytes achieved a cathodic stability
potential as high as 4.6 V (Fig. S22), significantly higher
than the FGN-180 which is only around 4 V, suggesting
the potential high-voltage batteries employing the FGN-182
electrolyte.

In NCM111IILi coin cells employing FGN-182 elec-
trolytes, an impressive cycling stability of 140 cycles was
achieved with a capacity retention of 80% at 0.5 C (Fig. 6a).
In contrast, cells using FGN-180 electrolytes exhibited a
significantly shorter lifespan, lasting only 10 cycles, which is
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less than a tenth of the performance observed with FGN-182
electrolytes. However, even using FGN-181 and FGN-183
electrolytes, the cycle life of the cells only reached 39 and 54
cycles, respectively. The former is attributed to the relatively
low CE, while the latter is due to poorer Li* kinetics caused
by higher viscosity.

Figure 6b—d illustrates a comparison of the charge/dis-
charge curves of the different coin cells. As expected, the
cells utilizing FGN-182 electrolytes exhibited the low-
est electrochemical polarization and only experienced a
slight increase in polarization over 140 cycles, indicat-
ing superior reversibility in the charge/discharge pro-
cesses (Fig. 6¢). In contrast, the polarization of cells with
FGN-181 and FGN-183 electrolytes gradually rises with
the cycling process, accompanied by significant capacity
degradation (Fig. 6b, d). Furthermore, despite an increased
current density (1C), cells employing FGN-182 electro-
lytes sustained 165 cycles while retaining 80% capacity,
as depicted in Fig. 6e.

To evaluate its applicability, high-loading lithium cobalt
oxide (LCO) cathodes were further paired with ultrathin Li
chips (25 pm) in a 22 x46 mm? pouch cell configuration,
using different electrolytes and various cutoff voltage ranges.
The configuration of the pouch cell was illustrated in a prior
study [23], where a dual-layer loaded LCO cathode and two
Li chips are stacked together to assemble the pouch cell.

Specifically, LCOIILi pouch cells employing FGN-182
electrolytes exhibited remarkable cycling stability, maintain-
ing 80% capacity over 125 cycles at 0.2 C, within a cutoff
voltage range of 3—4.2 V (Fig. 7a). Conversely, cells using
EE37 and FGN-180 electrolytes exhibited rapid degrada-
tion in performance within fewer than 10 cycles due to the
unfavorable CE of Li, markedly lower than observed with
the FGN-182 electrolyte.

Furthermore, to further explore the cathode stability
under high voltage, we extended the voltage to 4.3 and
4.4 V. It is evident that even at 4.3 V, pouch cells using
FGN-182 electrolytes can cycle for 122 cycles with 80%
capacity retention (Fig. 7b), markedly superior to those with
EE37 and FGN-180 electrolytes. However, upon charging to
4.4V, it was noticeable that cells with FGN-182 electrolytes
experienced accelerated capacity decay, maintaining only
80% capacity after 28 cycles. Upon closer examination, we
observed gas evolution in pouch cells with FGN-182 elec-
trolytes when charged to 4.4 V, while no such evolution was
observed in cells with EE37 and FGN-180 electrolytes under

https://doi.org/10.1007/s40820-024-01479-1
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the same conditions (Fig. S23a-c). Moreover, considering
the absence of gas evolution in FGN-182 electrolytes when
charged to 4.2 V (Fig. S23d), one could speculate that this
might be attributed to the decomposition of LiNO; under
high voltage, as indicated by the following reaction [54]:
NO; — NO,+30, +¢~.

2.8 FGN-182 with HTCN: Simultaneous Optimization
of CEI for High-Voltage Cathode

Addressing the adverse effects of LiNO; in our FGN-182
on the cathode under high voltage, we then introduced the

0
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previously reported cathode-improving additive 1,3,6-tri-
cyanohexane (HTCN) [55]. After adding 1% HTCN, the
electrolyte (FGN-182 + 1%HTCN) achieved 93 cycles
with an 80% capacity retention, notably better than that of
FGN-182 electrolytes. This improvement can be ascribed
to HTCN stabilizing the cathode electrolyte interphase
(CEI) film, thereby preventing the decomposition of
LiNOj at high voltage with no gas generation observed
(Fig. S23e). To highlight the performance of our full cells
(both coin cells and pouch cells), we have included a com-
parative study of electrolyte modifications in Table S4.
We specifically investigated the influence of HTCN on
the Li anode. Figure S24 illustrates the CE of Li using
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FGN-182 + 1% HTCN electrolytes at a current density of
1 mA cm™ and a capacity of 1 mAh cm™2. The results
demonstrate that FGN-182 + 1% HTCN electrolytes main-
tained highly reversible Li plating/stripping, achieving an
average CE of 98.6% from the 200th to the 300th cycle.
This indicates that the addition of HTCN had a negligible
impact on the CE of Li metal.

Furthermore, in situ differential electrochemical mass
spectrometry (DEMS) analyses were conducted during the
initial charge/discharge processes for the LCOIILi cells in
both FGN-182 and FGN-182+ 1%HTCN electrolytes to
monitor gas evolution and investigate the failure mecha-
nism of LiNO;. As shown in Fig. 7d, the release of O, from
the LCO cathode in the FGN-182 electrolyte was observed
around 4.2 V during charging. The gas evolution becomes
more pronounced above 4.3 V, reaching a peak at 4.4 V,
which is consistent with above findings (Fig. S23c). How-
ever, NO, was not detected, which slightly deviates from
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our initial hypothesis. This discrepancy may result from the
oxidative decomposition of LiNO; forming more complex
nitrogen oxides, necessitating further investigation in the
future studies. In contrast, the LCO cathode in the FGN-
182+ 1% HTCN electrolyte exhibited a significant suppres-
sion of O, evolution. (Fig. 7e). This improvement is attrib-
uted to the introduction of HTCN, which forms a stable CEI
film, effectively reducing the further oxidative decomposi-
tion of LiNO; and enhancing the high-voltage performance
of the battery.

DFT calculations were also employed to provide atomic-
scale insights. We conducted a comparative analysis of
the adsorption energies of LiFSI, LiINO;, DEGDME, and
HTCN on LiCoO, (104) surfaces, as illustrated in Fig. S25.
Specifically, the adsorption energy of HTCN (—1.02 eV) is
lower than those of LiFSI (—0.21 eV), LiNO; (—0.88 eV),
and DEGDME (-0.29 eV) on the LiCoO, (104) surface
(Fig. S26), suggesting favorable adsorption of HTCN on

https://doi.org/10.1007/s40820-024-01479-1
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the LiCoO, surface. This strong adsorption of HTCN effec-
tively hinders bond formation between surface cobalt and
other electrolyte molecules, thereby stabilizing the cathode
surface.

To further explore the failure mechanism of LiNO; under
high-voltage conditions and the impact of HTCN on CEI
composition, XPS spectra of the cycled LCO electrodes in
various electrolytes under different conditions (charged to
4.2 or 4.4 V) were obtained and depicted in Figs. 8 and S27.

Regarding the C 1s spectra (Figs. 8 and S27), four pri-
mary peaks were observed. The peaks at 290.0 eV (C—F) and
284.8 eV (C—H/C-C) mainly arise from the poly(vinylidene
fluoride) binder and conductive carbon, respectively [55].
The peaks at 285.5 eV (C-0) and 286.8 eV (C=0) cor-
respond to by-products resulting from the decomposition
of DEGDME solvents. The organic components in all CEIs
showed a decrease in intensity with increasing etching depth
(from surface to 30 nm). The relatively strong peak of C—F
in FGN-180 electrolytes may be attributed to excessive

exposure of the cathode without the formation of a well-
developed CEI film.

In the N 1s spectrum of FGN-180 electrolytes, peaks at
407.6,404.1, and 399.7 eV correspond to NO;~, NO,™, and
NSO,", originating from FSI™ [52]. With etching depths
ranging from 10 to 30 nm, only the peak of NSO,™ was
observed in FGN-180 electrolytes. In FGN-182 and FGN-
182+ 1%HTCN electrolytes (charged to 4.2 V or 4.4 V),
besides residual NO; ™, the formation of LiN,O, from LiNO5
was also observed, with its content decreasing with etch-
ing depth. In the FGN-182 electrolyte (charging to 4.4 V),
no NO,™ was observed even at a depth of 30 nm, which
may be attributed to the severe decomposition of LiNO,
under high voltage, rendering it incapable of participating
in the formation of a stable CEI film. However, no gas evo-
lution phenomenon was observed in FGN-182 electrolytes
when charging to only 4.2 V (Fig. S23d), with the signal
of NO,™ can be detected as the etching proceeded due to
the partial decomposition of NO;™ (Fig. S27). Additionally,
the —CN peak was only observed in electrolytes containing
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Fig. 8 In-depth XPS spectra of the CEI film formed on LCO cycled in a FGN-180, b FGN-182, and ¢ FGN-182-1%HTCN electrolytes within a
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HTCN (FGN-182 + 1%HTCN), indicating the formation of
R-CN-Co in CEI composition due to the strong interac-
tion between HTCN and LiCoO,, effectively protecting the
cathode and preventing the decomposition of LiNO; under
high voltage [55]. This is further supported by the absence of
gas generation (Fig. S23e) and the detection of the NO,™ sig-
nal after etching, indicating only partial decomposition of
LiNO; (Fig. 8c).

Notably, the Co 2p signal was only detectable in FGN-
180 electrolytes, displaying two distinct pairs of split
peaks at 780.9/796.5 and 782.5/798.1 eV, corresponding
to the 2p,,, and 2p, , peaks of Co®* and Co?*, respectively
(Fig. 8a) [56]. This suggests that in the FGN-180 electro-
lyte, Co>*/Co** dissolution occurs in the cathode due to
the undesirable CEI film. An intriguing observation arises
when LiNO; was involved in CEI formation, where no
Co®*/Co®* was detected. This suggests that LiNO; may
inhibit the dissolution of Co®*/Co?*, a phenomenon often
overlooked in previous studies. Given the significant ben-
efits of LiNO; to the Li anode, further investigation into
its influence on the cathode is meaningful for the develop-
ment of high-performance LMBs.

In addition, the CEI properties in full cells were fur-
ther assessed through in situ EIS, as shown in Fig. S28.
A three-electrode pouch cell configuration was employed,
comprising LCO as the working electrode, Li foil as the
counter electrode, and Li wire as the reference electrode.
This setup was chosen to mitigate the influence of anode
resistance on the cathode. Figure S29 illustrates the vari-
ation in CEI resistance (Rqg;) observed in LCO cathodes
throughout a complete charge—discharge cycle following
initial activation in both FGN-182 and FGN-182+ 1%
HTCN electrolytes under different conditions within
LCOIILi cells, with these Rqg; results based on the fitting
analysis of the Nyquist plots using the equivalent circuit
depicted in Fig. S30. For FGN-182 electrolytes, setting the
charge cutoff voltage at 4.2 V resulted in a decrease in Rqg;
during charging due to the formation of the initial CEI
on cathodes (Fig. S29, gray symbols). Subsequently, Ry
remained stable during the discharging process. Increas-
ing the charge cutoff voltage to 4.3 V caused an overall
increase during the charge/discharge process (Fig. S29,
red symbols), which may be attributed to slight gas gen-
eration. Further increasing the charge cutoff voltage to
4.4 V resulted in a significantly enhanced Rg; value in
FGN-182 electrolytes, despite a decreasing trend during

© The authors

the charging process (Fig. S29, blue symbols), likely due
to the over-decomposition of LiNO; and the gas evolu-
tion mentioned above. Conversely, LCO cathodes cycled
in FGN-182 + 1%HTCN electrolytes exhibited a signifi-
cant reduction in Rg; compared to FGN-182 throughout
the entire charge/discharge process (Fig. S29, green sym-
bols), indicating the formation of a stable CEI attributed
to the addition of HTCN. This emphasizes the superiority
of FGN-182 + 1%HTCN electrolytes in improving high-
voltage LMBs.

3 Conclusion

In conclusion, we have developed a promising ether-based
electrolyte for high-voltage LMB by incorporating LiNO;
(for the anode) and HTCN (for the cathode). A preliminary
study has shown that the synergistic effect of LiFSI and
LiNO;, along with optimized LiNO; content in FGN-182
electrolytes, resulted in a remarkably stable Li metal anode.
Specifically, LillCu cells delivered over 1400 cycles with
CE maintaining around 99% with low polarization. Notably,
utilizing Auerbach’s approach, a CE as high as 99.56% can
be obtained. Further investigation into the solvation structure
revealed strong coordination between NO;™ and Li*, which
preferentially participated in the SEI formation on anodes,
effectively improving Li deposition. The rapid Li* diffusion
kinetics of SEI film in FGN-182 electrolytes was supported
by exchange current density and activation energy analysis,
facilitating the deposition of spherical Li. Additionally, the
N and F-rich SEI using FGN-182 electrolytes was charac-
terized through an in-depth XPS study. The smooth surface
of the Li metal anode after cycling in LillLi symmetrical
cells was further collaborated by SEM and AFM results.
Subsequently, NCM111IILi full cells were investigated using
FGN-182 electrolytes, yielding promising results. In particu-
lar, pouch cells featuring high-loading (3 mAh cm~2) LCO
electrodes, ultrathin Li chips (25 pm) and lean electrolytes (5
g Ah™") exhibited outstanding cycling performance, main-
taining 80% capacity after 125 cycles. Moreover, high-
voltage LCOIILi (4.4 V) batteries incorporating the cathode
additive HTCN (FGN-182 + 1%HTCN) significantly sup-
press O, evolution resulting from the oxidative decomposi-
tion of LiNO;, thereby demonstrating stable cycling over 93
cycles. This result provides a workable formula to pursue
high Li utilization and high-voltage electrolyte tolerance
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even for ether-based electrolytes. This study not only opti-
mized the stability of the Li metal anode but also introduced
cathode additives to enhance its durability, thus providing
valuable insights for the development of high-energy—den-
sity LMBs.
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