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A nonsolvolytic fluorine/LiNOz-containing
electrolyte for stabilizing dynamic interfaces in
Li||LiMn,O, batteriest

Tian Tang,?® Nyalaliska W. Utomo, ©° J. X. Kent Zheng® and Lynden A. Archer & *P

Mn-based high voltage cathodes, e.g., spinel LiMn,O,4, are considered among the most promising materials
for cost-effective, next generation energy storage. When paired with a Li metal anode, secondary batteries
based on Li||LiMn,O4 in principle offer a straightforward, scalable approach for achieving cost-effective and
high energy density storage demanded in applications. In practice, however, such batteries fail to live up to
their promise. Rapid capacity fading caused by irreversible Mn dissolution at the cathode coupled with
mossy/dendritic Li deposition at the anode limit their useful life. In this study, we report on the design of
electrolytes based on a binary blend of two widely available salts, LINOs and LiTFSI, in ethylene
carbonate (EC), which simultaneously overcome failure modes at both the cathode and anode of
Li||LiMn,O4 batteries. The electrolyte design is motivated by a recent finding that compared with their
linear counterparts (e.g., dimethyl carbonate), cyclic carbonates like EC dissolve considerably larger
amount of LiINOsz, which markedly improves anode reversibility. On the other hand, it is known that
nonsolvolytic fluorine-containing Li salts like LiTFSI, lowers the electrolyte's susceptibility to solvolysis,
which generates HF species responsible for Mn leaching at the cathode. In particular, we report instead
that fluorine groups in the TFSI salt, promote formation of a favorable, fluorine-rich interphase on the Li
metal anode. Electrochemical measurements show that the electrolytes enable remarkably improved
charge—-discharge cycling stability (>1000 charge—discharge cycles) of Li||LiMn,O,4 batteries. In-depth
atomic-resolution electron microscopy and X-ray/synchrotron diffraction experiments reveal the
fundamental source of the improvements. The measurements show that crystallographic degradation of
Mn-based cathodes (e.g., surface Mn leaching and bulk defect generation) upon cycling in conventional
electrolytes is dramatically lowered in the LINOs + LITFSI/EC electrolyte system. It is shown further that
the reduction of Mn dissolution not only improves the cathode stability but improves the reversibility of
the Li metal anode via a unique re-deposition mechanism in which Li and Mn co-deposit on the anode.
Taken together, our findings show that the LiNOs + LiTFSI/EC electrolyte system holds promise for
accelerating progress towards practical Li||LiMn,O,4 batteries because it stabilizes the dynamic interfaces
required for long-term stability at both the Li anode and the LiMn,O4 cathode.

Developing energy storage technologies using low-cost, earth
abundant materials are key to successful energy transition in
the transportation and electric power generation sectors in the
21st century. Electrochemical energy storage in rechargeable
batteries is regarded as one route towards this goal owing to the
flexibility, modulability and relatively high aggregate energy
density storage possible over the lifetime of rechargeable
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batteries,” in comparison with single-use alternatives. Among
the contemporary battery chemistries being considered, Li-ion
technology has achieved market dominance.* One aspect that
limits the sustainability of these batteries originates from usage
of materials to which access is constrained, either by natural or
geopolitical factors; both can be illustrated by the material's
market price evolution over time.** For example, Co, an essen-
tial material used in many state-of-the-art Li-ion battery cath-
odes, has increased in price from $20k per metric ton in 2014 to
$80k per ton in 2022, according to data from the London Metal
Exchange. These price increases are expected to become worse
as electrification penetrates more fully in the transportation
sector and as increased use of storage to manage intermittent
supplies of renewable power on the grid begin to tax the finite
world-wide Co supply.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cobalt-free Li-ion battery cathodes have emerged recently as
a priority technology, particularly when Co is replaced by in-
expensive earth abundant elements like Mn, which is
currently priced at $2k-5k per metric ton (in the form of pure
metal). The LiMn,0O, cathode is therefore of much lower cost
than other commercial cathodes such as LiCoO,, see Fig. 1.>” In
particular, when a high-Mn content cathode is paired with a Li
metal anode, the Li||[LiMn,O, battery could offer a higher
voltage and a greater energy density in comparison with tradi-
tional graphite||LiMn,0,. Unfortunately, a battery of this kind
would suffer from well-known interfacial instability at both
electrodes, namely, dendritic Li deposition at the anode®® and
transition metal dissolution at the cathode.>'*"” Task-specific
chemical design of electrolyte systems that meet the often-
times different needs at the two electrodes of distinct natures is
needed to enable electrochemical stability over extended
cycling.

A large volume of work has been done to understand and
improve the reversibility of Li metal plating/stripping in various
electrolyte media. LiNO; salt additives in ether-based electro-
lytes have for instance been shown to markedly improve gal-
vanostatic cycling of Li-S batteries both by promoting
formation of a stable solid-electrolyte interphase on the Li metal
anode'”*®* and by lowering the thermodynamic activity of the
ether solvent, enhancing its electrochemical stability.'®
Carbonate-based electrolytes feature wider electrochemical
stability windows than ethers and are known to be a require-
ment for long term stability of rechargeable batteries based
cathodes that operate at nominal voltages above approximately
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Fig. 1 Key properties (cost,* voltage, and energy density) of repre-
sentative cathode materials for lithium batteries. The energy density is
calculated based on the anode-free condition ideally, excluding the
weight of other cell parts. LiMn,O, stands out for its remarkably lower
cost and high voltage, in comparison with battery cathode materials of
contemporary interest.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 V. Unfortunately, the solubility of LiNO; is much lower in
carbonate electrolytes typically used in lithium batteries, in
comparison to ethers. Recent studies report that the solubility
of LiNOj; in carbonates is elevated markedly for cyclic molecules
(e.g., ethylene carbonate (EC)) versus linear molecules (e.g:,
dimethyl carbonate (DMC)) commonly used in lithium batteries
because of their lower melting point temperatures and generally
superior ion transport properties at room temperature.* This
finding opens up multiple avenues for designing an electrolyte
for Li||LiMn,O, batteries that takes advantage of beneficial
effects of LiNOj; in stabilizing the interphase on Li metal (e.g.,
formation of Li;N and LiN,Oy), and also suggests that tradi-
tionally overlooked, high-boiling point carbonate solvents like
EC, could see new uses as stand-alone electrolyte solvents for
enhancing battery safety.

Salt blends composed of two or more molecular species are
now commonplace in battery electrolyte design because each
component may provide task-specific advantages for enhancing
anode or cathode reversibility. The simultaneous use of EC as
a stand-alone electrolyte solvent and focus on batteries based
on high-voltage LiMn,0O, cathodes make the choice of the
second salt (LiNOj is here designated as the first salt because of
its known benefits for improving stability of the Li anode) non-
trivial. These choices nonetheless also constrain the range of
anion chemistries that one might select. In particular, the need
for the second salt to dissolve well in the EC/LiNO; electrolyte
and at the same time undergo electroreduction at the Li anode
to generate a self-limited, fluorine rich SEL?® further constrains
the anion choices. Additionally, we discuss later the deleterious
effects of HF on the stability of Mn-based cathodes. Fluorine-
containing salts that facilitate formation of a stable F-
containing interphase on Li metal anode, but which are
immune to solvolysis to generate HF are therefore of greatest
interest. These considerations, lead to the basic electrolyte
design concept proposed and evaluated in the study. Briefly,
a well-designed electrolyte for the Li||LiMn,O, cell should have
three principal attributes: (i) it must be able to dissolve large
amounts of LiNO3; (ii) it should remain oxidatively stable at the
high voltages at the cathode and should undergo only localized
electroreduction at the Li anode to form a self-limiting fluorine-
rich SEI on the anode; (iii) none of the components should be
susceptible to solvolytic degradation to produce HF in the
battery cell. These considerations are all met by the choice of
lithium  bis(trifluoromethanesulfonyl)imide  (LiTFSI) as
a second salt to pair with LiNO3, in an EC-based electrolyte. We
note further that while lithium bis(fluorosulfonyl)imide (LiFSI)
meets some of these requirements, it has been reported to be
less oxidatively stable at high voltages.*

In-depth electrochemical and structural analysis of
Li||LiMn,O, batteries adopting the proposed electrolyte design
provide insights into their advantages and disadvantages rela-
tive to conventional electrolytes. These studies largely confirm
the effectiveness of the task-specific electrolyte design concept
proposed in the previous section. A key additional finding is
that electrolyte design plays a dominant role in the failure of Mn
cathode materials. Specifically, lattice defects that are
pronounced in some electrolytes can be essentially eliminated
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in others, as determined by atomic-resolution characterization
of the cycled cathode structure. In addition to the (de)/
stabilization of the surface facets, it is found that the bulk
defect content of LiMn,0O, materials demonstrates a strong
dependence on electrolyte chemistry. Fast electrochemical and
structural degradation is observed on LiMn,0, cycled in elec-
trolytes with F-containing salts able to readily generate HF by
solvolysis (including hydrolysis),*>** whereas both the surface
facet and the bulk crystal structures of LiMn,0, are preserved
when cycled in electrolytes that are not prone to HF-generating
solvolysis. The results underscore the role played by the
dynamic chemical environments developed inside the battery
electrodes and provide insights into electrolyte design strategies
for Mn-based cathodes and other transition metal oxide elec-
trode materials that suffer from similar dissolution issues.??
Fig. 2 reports the cycling stability of Li||LiMn,O, batteries
measured in carbonate-based electrolytes prepared with LiNO;
and a series of different Li-ion salts, namely, LiTFSI, LiClOy,,
LiBF, and LiPFg; see Materials and methods for details. The
results in Fig. 2A reveal an obvious declining trend of capacity
retention with salt chemistry in the order LiTFSI > LiClO4>
LiBF, = LiPFs. Motivated by these observations, we single out
the LiNO;-containing electrolytes reinforced with LiTFSI and
LiPF, for in-depth investigation. We note that electrolytes con-
taining these salts yield batteries with the highest and lowest
specific capacity retention (also reflected in the voltage profiles
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in Fig. 2B). Additionally, these electrolytes are being actively
studied in contemporary Li battery research.*>*

Fig. 2C reports the long-term cycling performance of
Li||LiMn,O, batteries in these two electrolytes. The results show
that battery cells containing LiPFg-based electrolyte hardly
maintains a 50 mA h g specific capacity over 250 cycles,
whereas those using LiTFSI-based electrolyte claims a specific
capacity of 118 mA h g~' and a retention of 81% over 1000
cycles. The cell is intentionally set to charge-discharge at a slow
rate of 0.1C for 1 cycle after each 500 cycles at a normal rate of
1C in order to evaluate whether the capacity fading is caused by
irreversible materials loss or resistance buildup (i.e., the grad-
ually increasing iR overpotential, which reduces the effective
range of cycling)—capacity loss via irreversible material degra-
dation cannot be achieved at reduced cycling rates, but capacity
loss due to the latter should be strongly dependent on the
applied current i. Noteworthy is that, the majority of the
capacity fading observed for LiMn,O, cycled in the LiTFSI
electrolyte can be attributed to resistance buildup, as opposed
to irreversible materials loss, since the capacity difference
between 0.1C and 1C becomes increasingly pronounced from
the 1st, the 500th, to the 1000th cycle. In contrast, the cell using
the LiPFs electrolyte exhibits a so-called endless charging
behavior at 0.1C (Fig. S1t) even in the first cycle, which is
indicative of electrolyte decomposition.*® The measurements in
Fig. 2 raise the question that why and how electrolyte chemistry
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Fig. 2 Galvanostatic charge—discharge cycling of Li||LiMNn,O4 electrochemical cells in representative electrolytes. (A) Effect of Li salt on cycling
stability and capacity retention of Li||LiIMn,O4 battery cells. (B) Comparison of the charge—discharge voltage profiles over 50 cycles for
Li||LiMn,O4 batteries using electrolytes containing LiTFSI and LiPFe electrolyte, respectively. (C) Long-term cycling stability of the batteries.
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Fig. 3 Atomic resolution scanning transmission electron microscopy characterization of the crystallographic stability of the LiMn,O,4 electrodes
after 100 charge—discharge cycles. (A) and (B) High angle annular dark field (HAADF) image and bright field (BF) image of LiMn,O,4 cycled in LiPFg
electrolyte, respectively. (C) and (D) High angle annular dark field (HAADF) image and bright field (BF) image of LiMn,O,4 cycled in LiTFSI elec-
trolyte, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 14964-14972 | 14967
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imposes such significant influences on the cycling stability of
LiMn,0, particularly.

We performed aberration-corrected scanning transmission
electron microscopy (STEM) to interrogate the atomic-scale
structural evolution of LiMn,0, taking place during cycling in
these two representative electrolytes (Fig. 3; see also Fig. S27 for
STEM/EDS analysis). The LiMn,0, cycled in the two electrolytes,
respectively, show distinct crystallographic features both at the
particle level and at the atomic level. The LiMn,O, cycled in the
LiPF¢ electrolyte show poorly-defined surface termination
(Fig. 3A and B), in stark contrast to the well-defined facets
observed on LiMn,0, particles cycled in the LiTFSI electrolyte
(Fig. 3C and D), where surface terminations along low-index
crystallographic facets are observed, e.g., (110) and (311) fami-
lies; see Fig. 4A-C for the crystal structures of LiMn,0,. This
comparison at the particle level means that the LiMn,O,
underwent significant Mn dissolution through the surface,
creating the observed meandering morphology in the LiPFs
electrolyte, whereas the surface of LiMn,O, particles cycled in
LiTFSI electrolyte is intact, suggesting negligible Mn dissolu-
tion, which is consistent with the specific capacity retention
measured in Fig. 2. We would further note that, the Mn disso-
lution and surface roughening process is in theory self-
reinforcing, as it creates fresh, high-index crystal facets that
are more susceptible to unfavorable reactions, including but
not limited to Mn dissolution.?*?¢

Additionally, we find that the LiMn,0O, cycled in the LiPFq
electrolyte contains a significantly higher level of lattice defects,
such as stacking faults and the associated dislocations, in the
inner part of the particle (Fig. 3A and B; see also Fig. S3t for
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enlarged images). These should be compared to the lattice of
LiMn,0, cycled in the LiTFSI electrolyte, where no such defects
are observable within a reasonably large range of interest (i.e.,
tens of nm; see also Fig. S41). These bulk lattice defects are
known to be another source of cathode materials degradation
via—for example—physical cracks, etc.>”*® This STEM observa-
tion on the local structures is consistent with X-ray diffraction
(XRD) patterns as a statistical measurement of the samples
from a global point of view (Fig. 4D and E). Despite the simi-
larity of the XRD patterns in Fig. 4D, the close-up plots of the
three representative samples (i.e., pristine before cycling, cycled
in LiPFs, and cycled in LiTFSI, respectively) reflect the crystal-
lographic evolution occurring in LiMn,O,'s bulk lattice over
cycling (Fig. 4E).

The peaks from LiMn,0, particles cycled in the LiPF¢ elec-
trolyte exhibit pronounced shifting, broadening, and possibly
splitting. Such features indicate irreversible structural transi-
tion from the original cubic spinel LiMn,0, lattice before
cycling. These transitions are significantly suppressed in
LiMn,0, particles cycled in the LiTFSI electrolyte as a compar-
ison. The crystallographic stability of LiMn,0, in the LiTFSI
electrolyte is further revealed by synchrotron powder diffraction
(Fig. S57T); no discernible peak shift is observed. The peak shift
found in LiMn,0, particles cycled in LiPF, towards higher value
suggests a smaller interplanar distance according to Bragg's law
(2d sin § = n4). Since all the electrodes are in a discharged state,
that lattice shrinkage suggests that the electrode can only be
lithiated/discharged to a limited extent. The STEM—as a local
characterization—and the XRD—as a global measurement—
consistently demonstrate that the crystallographic stability of
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Fig. 4 Crystal structure of LiMn,O4 and X-ray diffraction characterization of the materials. (A) 3D crystal model of LiMn,O,4. Projected views of
the crystal from (B) (112) direction, and (C) (110) direction, respectively. (D) X-ray diffraction patterns of LiMn,QO4; black: pristine, blue: cycled in
LiPFe electrolyte, red: cycled in LiTFSI electrolyte, respectively. (E) Close-up plot of the LiMn,O4 (400) peak under these conditions.
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LiMn,0, has a strong dependence on the chemical environ-
ments, even with the inherent property of the lattice with Jahn-
Teller (J-T) distortion. Based on the XRD results, we also
conclude that the cause for different performance is not
different quality of the pristine electrode materials.

The critical role played by electrolyte salts on the cycling
stability of LiMn,0O, could be understood by scrutinizing the
chemical properties of the salts. It has been shown in multiple
prior reports that the complex anions formed by the Lewis acid-
base reaction between F~ anion and a strong Lewis acid, e.g.,
PFs5, AsFs5, BF;, are highly susceptible to solvolytic reactions with
electrolyte components such as the organic solvent or the trace
amount of water in storage or under dynamic electrochemical
conditions—for example—high voltage.?***** Such reactions
generate hydrofluoric acid molecules (HF) as a product. In
a separate context of ionic liquid manufacturing, this phenom-
enon has been regarded as a serious issue for this group of
solvolytic anions, whereas ClO,” and TFSI™ exhibit excellent
chemical stability against solvolytic reactions.** HF is highly
corrosive, and is capable of destabilizing the crystallographic
facets of LiMn,O,—for example—by transition metal leaching.
The chemical corrosivity of the solvolysis-generated HF leads to
the collapse of the well-defined crystallographic facets and to the
generation of bulk lattice defects. The slightly better capacity
retention in LiBF, electrolyte may be ascribed to the higher H,O
tolerance than LiPFg as acknowledged in prior studies.*® These
observations and analyses together reveal that the solvolytic HF
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is the major source of capacity fading observed on LiMn,0, (see
the right panel of Fig. 5), and that such a trend could be readily
suppressed by using a non-solvolytic salt, such as LiTFSI.

Comparing the performance of LiClO, and LiTFSI, the infe-
rior performance of LiClO, is attributable to the inability of
forming a good F-containing solid-electrolyte interphase (SEI)
on the Li anode, causing Li anode's rapid deterioration.***” The
Li plating/stripping coulombic efficiency measurements in
Fig. S6-S81 evidently demonstrate the LiTFSI-based electrolyte's
capability of stabilizing the interfaces formed on the Li metal
surface. The LiTFSI-based electrolyte exhibits stable plating/
stripping behaviors even after 500 cycles, whereas the LiClO,-
based electrolyte only allows ~30 Li plating/stripping cycles.
The stabilization effect of LiTFSI is attributed to the formation
of a favored, LiF-rich SEI via the decomposition of LiTFSI.***°
The LiF-rich SEI formed in LiTFSI-containing electrolytes has
been widely reported and studied in the existing literature by
a variety of characterization tools, e.g., X-ray photoelectron
spectroscopy.*’

As a further verification of the HF-induced Mn dissolution
mechanism and to study the dynamic interface at the Li metal
anode, we performed microscopy and spectroscopy character-
ization of the Li metal anodes. As is obvious from comparing
Fig. 6A and B, the Li has a remarkably more uniform
morphology when cycled in the LiTFSI electrolyte than the LiPF¢
electrolyte. In addition, pronounced Mn accumulation has been
detected on the surface of Li metal anode after cycling in the

Solvolytic HF

Lewis acid, e.g., PF5, BF;, etc.

TM deposition on Li

TM cations

-

surface
corrosion

defects

heterogeneous
interface & growth

Fig. 5 Schematic diagram illustrating the solvolytic degradation of transition metal oxide cathodes. The right panel: when the Li-ion salt in the
electrolyte is formed by the Lewis acid—base reaction between F~ and a strong Lewis acid, such as PFs, BFs, etc., the resultant F-coordinated
anion exhibit a high susceptibility to solvolytic decomposition either with the organic solvent or the trace amount of water. Such solvolytic
reactions produce free hydrofluoric acid that strongly etches the surface of the transition metal (TM) oxide cathode material, causing irreversible
dissolution of TM into electrolyte in the form of cations. The dissolved TM cations are transferred to the anode side driven by concentration
gradient field and the electric field alternating during charge—discharge cycles and are deposited onto the surface of the anode. This parasitic TM
deposition reaction introduces significant heterogeneity into the solid-electrolyte interphase (SEl) and triggers outward, nonuniform Li metal
plating morphology. As such, the solvolytic instability of the electrolyte poses critical challenges to both the cathodes and the anodes, whereas
these detrimental processes are completely absent if this type of chemical instability is eliminated by rational design of the electrolyte chemistry
(the left panel).
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Fig. 6 Scanning electron microscopy and energy dispersive spectroscopy characterization of Li metal anodes after cycling. SEM images of Li
metal anodes cycled in (A) LiPFg electrolyte and (B) LiTFSI electrolyte, respectively. Insets are optical photos of cycled Li metal anodes. The
blackening of the Li surface observed in LiPFg suggests serious degradation. (C) Mn content detected by EDS on Li metal after 500 charge—
discharge cycles in these two electrolytes. (D) Characteristic EDS spectra of Mn measured on these two electrodes.

LiPFs electrolyte, but not on Li anode cycled in the LiTFSI
electrolyte (Fig. 6C and D). A well-defined Mn Ka peak is seen on
Li metal cycled in the LiPF4 electrolyte, whereas this peak is
completely absent on Li metal cycled in the LiTFSI electrolyte
(Fig. 6D). It has been reported that the dissolved TM cations,
e.g., Mn*"*, could be electro-/chemically reduced and thereby
deposited onto the anode in the form of elemental metal
particles. This heterogeneous TM deposition is notorious for
producing outward, aggressive growth of the Li metal.** See also
optical photos of the cycled Li metal anodes in the insets of
Fig. 6A and B. Based on the evidence, we conclude that the
solvolysis-induced TM dissolution from the cathode imposes
critical negative effects on the operation of both the cathode
itself, and also the anode—for example—Li metal in this case,
or even more traditional graphite electrodes.””** To further
investigate the physical properties of the electrolyte, we also
performed Differential Scanning Calorimetry (DSC); see Fig. SO
for the measurement.

In summary, aided by electrochemical, structural, and
chemical analyses, we find that electrolytes composed of LiTFSI

14970 | RSC Adv,, 2024, 14, 14964-14972

+ LINO; in an ethylene carbonate solvent, are remarkably
effective in enabling long-duration cycling of Li||LiMn,O,
batteries. The electrolytes appear to achieve this feat by stabi-
lizing the dynamic interfaces formed at both electrodes and by
limiting HF generation and associated Mn dissolution from the
cathode. Our results also show that the instability of LiMn,0,
cathodes is primarily a result of the chemical environment
surrounding the LiMn,0O, particles. The TM dissolution
induced by solvolytic HF not only directly introduces irrevers-
ible capacity loss in the cathode, but also indirectly promotes
heterogeneity on the anode through unexpected Mn co-
deposition. These effects eventually result in capacity fading
or even more fatal failures such as internal shorts because of
outwards growth of the metal. The importance of a fluorine-
containing salt is highlighted by the stark contrast between
the performance of the LiTFSI, and the LiClO, cells, respec-
tively; the non-solvolytic fluorine in TFSI is shown to play
a critical role in ensuring stable Li plating/stripping hypothet-
ically via the formation of a fluorine-enriched interphase. We
conclude that the combination of LiTFSI, LiNO;, and EC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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represents a balanced solution that meets the different needs as
required by the two distinct electrodes in Li||LiMn,0O,. The
findings evidently provide key insights for stabilizing next-
generation Li-based batteries using sustainable materials via
task-specific, electrolyte design.
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