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ABSTRACT: Graphite is the preferred anode material in commercial — a e

lithium-ion batteries (LIBs), but its limited compatibility with various ===~ X
organic molecules restricts the electrolyte solvent options. The primary
challenge is solvent co-intercalation with Li ions, leading to graphite layer 2 ¥ /
exfoliation. As a result, electrolyte selection often relies on ethylene Rt A NG
carbonate (EC)-based solvents. In this study, we introduce electrolytes et

featuring a nanoscale anion network ordering that hinders the liquid-phase Nanostructured electrolyte with anion network traps solvent
exfoliation of graphite. This network, formed from concentrated long-chain melecules to mitigate graphite layer exfoliation

lithium salts, traps free dioxolane (DOL) molecules, reducing the

interactions between graphite particles and solvents during Li intercalation. Our findings reveal a mechanism that stabilizes
graphite in otherwise unstable solvents with concentrated salts like LiTFSI, providing key insights for improving LIB
performance by addressing electrolyte limitations on graphite anodes.

Ithough the discovery of graphite lithium compounds bility would pave the way for high-performance batteries
Adates back to nearly half a century ago, the utilization capable of fast charging and reliable operation at low

of graphite as an anode for lithium storage was first temperatures.
reported in the early 1980s."” Subsequent advancements in To address this challenge, prior endeavors involving
graphite anode development ultimately led to the commercial concentrated electrolytes in various solvents have demon-
success of lithium-ion batteries (LIBs), which effectively strated effectiveness in protecting the structural integrity of
replaced unsafe Li metal anodes in the 1990s. The unique graphite by forming a stable solid electrolyte interphase (SEI)
lamellar structure of graphite allows for continuous lithium on this surface."*™"” However, subsequent investigations have
intercalation, offering a theoretical storage capacity as high as revealed that the presence of a preformed stable SEI layer on
372 mAh g~'.> However, the co-intercalation of various solvent graphite does not necessarily ensure reversible Li-ion
molecules, such as propylene carbonate and ethers, into the insertion/extraction in unstable electrolyte combinations,
graphite 41_38}’31’ results in layer exfoliation during Li-ion thereby challenging the SEI prospect in promoting graphite
insertion. Consequently, the limited solvent compatibility stability.20 Instead, the local coordination structure of Li ions
of graphite anodes leaves few choices other than ethylene within the electrolyte has emerged as a more critical factor in

carbonate (EC)-based organic solvents for commercial LIBs.”
Nevertheless, the frequently employed EC-based electrolyte is
prone to oxidation on the surface of high-nickel cathodes (e.g.,
LiNiysMng;Co,,0,), leading to a shortened cycle life and
reduced thermal abuse tolerance.'’”'® This constraint of the
electrolyte choice has hindered the effective application of
advancements in organic electrolyte chemistry over the past
three decades to practical LIBs, particularly those designed for
high energy density batteries using high-nickel cathodes. Given
that graphite remains the predominant anode material in the
market, overcoming this limitation by expanding electrolyte
choices for graphite anodes and unlocking solvent compati-

determining the graphite stability. Specifically, the formation of
certain aggregation states (e.g., aggregated ion pairs) with
NO;~ anions has been shown to mitigate the interaction
between Li ions and solvents, thereby reducing solvent co-
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Figure 1. Electrolyte with nanoscale anion network for stabilizing graphite anodes. (a) The 1st and 10th charge and discharge curves (0.1 C)
of the graphite anode with different LiTFSI and LiNO; concentrations in DOL. (b) Deconvolution of free DOL molecules and S—N—§
bending of TFSI™ from Raman spectroscopy. (¢, d) SAXS patterns acquired with a small q range for pure DOL and LiTFSI containing
electrolytes, which reveal the construction of an anion network with increasing LiTFSI concentration. (e) The evolution of the d-spacing of

peak a with LiTFSI concentration in the DOL solvent.

intercalation. Nevertheless, the adoption of high concen-
trations of long-chain lithium salts (e.g, lithium bis-
(trifluoromethanesulfonyl)imide and lithium bis-
(fluorosulfonyl), LiTFSI and LiFSI), is commonly observed
in those unconventional non-EC-based electrolytes for stable
graphite anodes in various solvents such as acetonitrile (AC) M
tetrahydrofuran (THE),"> dimethyl sulfoxide (DMSO),"
sulfone (SL)," 1,3-dioxolane (DOL),'*'® 1,2-dimethoxy-
ethane (DME),"”"® and phosphate.'” The recently proposed
theory of Li coordination, however, has struggled to fully
explain the enhanced stability of graphite in these concentrated
electrolytes with a few additives (e.g, NO;™). Consequently,
the critical role of concentrated long-chain anions, particularly
TESI™, in enhancing graphite stability has been largely
overlooked and requires further attention to reconcile different
perspectives on this matter.

In this study, we revisited the stability of graphite anodes by
varying the concentrations of long-chain lithium salts (LiTFSI)
within a DOL-based electrolyte system. Our findings indicate
that increasing the concentrations of LiTFSI (2 M LiTFSI in
DOL) facilitates reversible lithium-ion (de)intercalation.
Small-angle X-ray scattering analysis (SAXS) reveals an overall
charge ordering structure at the nanoscale in this electrolyte,
while the absence of significant Raman peak shifts implies that
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the local Li coordination structure remains comparable to that
of less stable electrolytes with lower LiTFSI concentrations (1
M LiTFSI in DOL). These observations suggest that the
overall nanostructure of the electrolyte, dictated by the
ordering of long-chain anions, plays a pivotal role in enhancing
graphite stability rather than the local Li coordination structure
at the atomic scale. Given the prevalence of this charge
ordering structure in concentrated electrolytes containing long-
chain lithium salts,””** our results may extend to other
reported unconventional electrolytes that stabilize graphite
anodes.'*”"” Furthermore, the addition of LiINO; (0.4 M)
promotes the formation of a fluorinated SEI layer, which
enhances the lithium kinetics. Consequently, we have
demonstrated a nanostructured electrolyte with an anion
network (2 M LiTFSI/0.4 M LiNO; in DOL) with
significantly improved Li-ion kinetics for graphite anodes,
achieving a theoretical capacity of graphite at room temper-
ature (~370 mAh g™"). The specific capacity of graphite cycled
in this nanostructured electrolyte (>200 mAh g~') is about
seven times that of graphite electrodes cycled in traditional
EC-based electrolytes (<30 mAh g™') at a 2 C rate.

The stability of the graphite anode was systematically
investigated in a DOL-based electrolyte containing different
concentrations of long-chain LiTFSI salts and LiNO; additives.

https://doi.org/10.1021/acsenergylett.4c02011
ACS Energy Lett. 2024, 9, 5002—5011
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Figure 2. Visualization of solvent co-intercalation-induced graphite inner exfoliation. CS-SEM images of inner graphite structures after 10
cycles in DOL-based electrolytes: (a) 1 M LiTFSI in DOL, (b) 1 M LiTFSI/0.4 M LiNO; in DOL, and (c) 2 M LiTFSI/0.4 M LiNO; in DOL.
(d) Single particle imaging of graphite cycled in electrolyte of 2 M LiTFSI/0.4 M LiNO; in DOL and (e—h) related EDS mapping results.
(i—k) TEM images of graphite cycled in electrolyte of 2 M LiTFSI/0.4 M LiNO, in DOL show the (i) graphite layer structure, (j) inner

nanoscale crack, and (k) SEI layer.

Electrolytes with a 2 M concentration of LiTFSI exhibit a
typical charge—discharge curve, showcasing a specific capacity
exceeding 300 mAh g~' at 0.1 C, indicative of reversible Li
intercalation and extraction at this elevated concentration
(Figure 1a). In contrast, an abnormally large initial Li
intercalation specific capacity (>800 mAh g™') is observed in
the electrolyte with 1 M LiTFESI, widely considered a
consequence of Li*—solvent co-intercalation.”””* Subsequent
cycling reveals a limited specific capacity (<200 mAh g™, 10th
cycle), possibly due to the failure of the graphite inner
structure resulting from this co-intercalation.” The addition of
LiNO; additives to these electrolytes shows stability similar to
that of the corresponding LiNO;-free electrolyte (Figure la).
To deepen our understanding of graphite stability in these
electrolytes and the underlying mechanisms, Raman spectros-
copy was employed to probe the Li coordination structures.
Two characteristic peaks at 722 and 746 cm™', corresponding
to the O—C—O bending mode of DOL molecules and S—N-§
bending of TFSI™ ions (Figure 1b), respectively,”>*® were
detected in these Li salt containing electrolytes. With an
increase in the concentration of LiTFSI, the relative peak
intensity of DOL solvent (722 cm™") significantly weakened
compared to the TFSI™ intensity (746 cm™'). The negligible
TFSI” Raman peak shift (S—N—S bending) in these
electrolytes suggests a similar Li coordination structure at the
atomic level. However, despite having a comparable Li
coordination structure to the 2 M concentration electrolyte,
the charge and discharge curves (Figure la) indicate solvent
co-intercalation and a degraded Li storage performance of the
graphite anode cycled in the 1 M LiTESI electrolyte. These
observations strongly suggest that the local Li coordination
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structure alone is insufficient to account for the graphite
stability observed in this DOL-based electrolyte system.

To comprehensively explore electrolyte nanostructures
beyond atomic solvation binding, small-angle X-ray scattering
(SAXS) was employed to detect the short-range order arising
from interactions between adjacent ions and solvent
molecules.”””” As illustrated in Figure Ic, three distinct
peaks, labeled as peak a, peak b, and peak c, were identified
in these DOL-based electrolytes. These peaks correspond to
anion network structures, DOL molecules, and the neighboring
atoms of either the same anion or adjacent anions based on our
previous investigations.”” ' As the LiTESI concentration
gradually increased, peak a gradually become more prominent
and shift to a higher q (Figure 1d), indicating a reduction in
the average distance between TFSI™ (Figure le). As a result,
peak a represents the anion network structure with those
closely packed long-chain TFSI™ anions. The corresponding d-
spacing was calculated using d = 27/q, and its relationship with
concentration is shown in Figure le. An ordered anion
solvation nanostructure is constructed through Li-ion coordi-
nation at a relatively high LiTFSI concentration (2 to 3 M)
with a d-spacing of ~0.8 nm. Furthermore, the addition of
LiNO; into these electrolytes does not change the anion
network and corresponding d-spacing, suggesting the key role
of LiTFSI concentration in the electrolyte nanostructures
(Figure S1). Moreover, the stable cycling of graphite anodes in
a 3 M LiTFSI DOL electrolyte (Figure S2) further confirms
that the gradually constructed anion network at the nanoscale
is highly relevant to the suppression of solvent co-intercalation.

The stability of graphite in the nanostructured electrolyte (2
M LiTFSI/0.4 M LiNOj; in DOL, hereinafter referred to for

https://doi.org/10.1021/acsenergylett.4c02011
ACS Energy Lett. 2024, 9, 5002—5011
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Figure 3. (a—f) MD simulations of electrolyte structures in DOL-based electrolyte and (g) reaction energy profile and molecular models of
reaction intermediates of stripping of TFSI™ anion from Li ions, which is evaluated by the formation of a solvent-separated ion pair (SSIP,
Li-DOL,") from a contact ion pair (CIP, Li-TFSI-DOL,). MD snapshots of 1 M LiTFSI in DOL with (a) 1 ns, (b) 1.5 ns, and (c) related
electrolyte structure revealed in an enlarged 2 X 2 super cell. MD snapshots of 2 M LiTFSI in DOL with (d) 1 ns, (e) 1.5 ns, and (f) related
electrolyte nanoscale anion network structure in an enlarged 2 X 2 super cell. Note the line style represents the DOL molecules, and CPK
style represents the LiTFSI. Color code (a—f): purple, Li; gray, C; red, O; blue, N; yellow, S; white, H; cyan, F. Color code (g): red, O; blue,

N; yellow, S; green, Li; brown, C; gray, F; white, H.

subsequent discussions) was further scrutinized using ex situ
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) post cycling. The characteristic peaks of the graphite
layer structure (002) remained consistent after cycles,
exhibiting no shifts compared to the pristine graphite electrode
(Figure S3). Additionally, complete graphite particles main-
tained similar morphologies to those cycled in EC-based
electrolytes (Figure S4). These results signify the preserved
crystal structure integrity of the graphite particles cycled in the
nanostructured electrolyte. To visualize the impact of graphite
exfoliation on the inner structure of cycled graphite electrodes,
cross-sectional scanning electron microscopy (CS-SEM) and
high-resolution transmission electron microscopy (TEM) were
employed. Severe inner cracks were observed in graphite
cycled in 1 M LiTFSI (Figure 2a, Figure SSa—c) and 1 M
LiTFSI/0.4 M LiNO; (Figure 2b, Figure S Sd—f) electrolytes,
aligning with their charge—discharge curve behavior (Figure
1a). These cracks are attributed to graphene layer exfoliation of
graphite particles caused by large solvent molecule co-
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intercalation.”” Despite structural failure after cycles, the
nanostructured electrolyte demonstrated an intact inner
structure (Figure 2c,d, Figure SSg—i), suggesting reversible
Li uptake and extraction. Energy dispersive X-ray spectroscopy
(EDS) was utilized to analyze the elemental distribution in the
cross section of a single graphite particle, revealing uniform
carbon element distributions corresponding to the graphite
structure (Figure 2g, Figure S6). External elements such as
fluorine and oxygen from the formation of the solid electrolyte
interphase (SEI) after cycles were observed on the particle
surface (Figure 2e,f, Figure S6). Interestingly, the addition of
LiNO; leads to a transformation from an outer layer
distribution (Figure S6d) to a random distribution of sulfur
throughout the entire particle (Figure 2h, Figure S6i). This
different sulfur distribution can be explained by the degree of
sulfur decomposition from the LiTFSI (S source). The LiNO,
is easily decomposed at a quite high voltage (~1.5 V vs Li/
Li*),> and the formed SEI components from LiNO; mitigate
further sulfur decomposition on the graphite surface due to the

https://doi.org/10.1021/acsenergylett.4c02011
ACS Energy Lett. 2024, 9, 5002—5011
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Figure 4. Electrochemical performance of graphite anode in a traditional EC-based electrolyte and nanostructured electrolyte. Typical
charge—discharge curves (0.1 C) of graphite electrode in 1.2 M LiPF in (a) EC-EMC electrolyte and (b) 2 M LiTFSI/0.4 M LiNO, in DOL
electrolyte. (c) Cycling stability (0.1 C) and (d) rate performance of graphite electrode in EC-based electrolyte and nanostructured
electrolyte. Charge—discharge curves of graphite electrode at different C rates in different electrolytes: (e) EC-based electrolyte and (f)
nanostructured electrolyte. (g) The voltage hysteresis at various C rates based on the difference between the average charge—discharge

voltage.

electron insulation nature of the formed SEI layer. Con-
sequently, a much lower S concentration on the graphite
surface is revealed in LINO;-added electrolytes (see Figure S7
for a more detailed discussion). After 10 cycles in our
nanostructured electrolyte, transmission electron microscopy
(TEM) images revealed a surface layer approximately 2 nm in
thickness covering the graphite layer structure, consistent with
the SEI structure resulting from electrolyte decomposition
(Figure 2k). Despite the retained structural integrity observed
in the SEM images (Figure 2c,d, Figure SSg—i), a few
nanoscale cracks (Figure 2j) were identified in the TEM
images, indicating limited graphite exfoliation at the nanoscale
due to the formation of the anion network, in contrast to the
microsized cracks observed in unstable electrolytes (Figure
2ab).

The liquid-phase exfoliation of graphite, often described as a
fragmentation mechanism, involves a rupture process triggered
by external forces such as ultrasound-induced cavitation,
among others.**™*® Additionally, graphite can be exfoliated
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directly in various organic solvents through a process
resembling quasi-dissolving.””* Organic solvents with surface
tensions or energies similar to those of graphene can effectively
exfoliate graphite into graphene spontaneously.””*" During the
lithium-ion intercalation process, driven by the potential
difference between the anode and cathode, the friction
between the diffusing lithium ions and free solvent molecules
acts as an external force, intensifying the exfoliation of graphite
into graphene. In the electrolyte, two types of solvent
molecules coexist: those bound with lithium ions (termed
bound solvent molecules) and free solvent molecules with
minimal interactions with lithium ions. In DOL-based
electrolytes, the exfoliation of graphite is predominantly
induced by the free solvent molecules rather than the bound
solvent molecules with lithium ions (see Supplementary Note
1 for detailed discussions). The confinement of free DOL
molecules within the anion network is advantageous, as it
weakens the interaction between graphite and these free
molecules, thereby suppressing graphite exfoliation. To explore

https://doi.org/10.1021/acsenergylett.4c02011
ACS Energy Lett. 2024, 9, 5002—5011
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this phenomenon further, a SAXS combined molecular
dynamics (MD) simulation of two electrolyte systems (1 M
LiTFSI and 2 M LiTFSI in DOL) was performed, which
represents the structural transition point of the nanoscale
anion network formation (peak b, Figure 1c,d). Figure 3a—c
illustrates the local arrangement of anions in which stacking
individually forms clusters at a relatively low LiTFSI
concentration (1 M). In contrast, the increase of LiTFSI
concentration to 2 M leads to a formation of an overall anion
network (Figure 3d—f), which confines the DOL molecules
inside this network. Such confinement of free DOL molecules
potentially reduces the interaction between graphite and
solvent molecules, and thus, the DOL co-intercalation into
the graphite layer is suppressed during lithium intercalation.

On the other hand, as Li ions intercalate, solvated Li ions in
the electrolyte must remove the paired solvent molecules and
anions (i.e, TFSI") to traverse the established SEI layer
(Figure 2k).*! However, removing these paired anions requires
significantly more energy compared to removing bound solvent
molecules.”” To understand the energetics induced by the Li
intercalation process, computational modeling using density
functional theory (DFT) was performed to investigate the
energy barrier of removing paired TESI™ with Li ions. A
reaction energy profile was constructed to reveal the reaction
pathway for the formation of a solvent-separated ion pair
(SSIP, Li-DOL,") by removing paired anions from a typical
contact jon pair (CIP, Li-TFSI-DOL,). As shown in Figure 3g,
when DOL breaks one of the O—Li bonds between TFSI™ and
Li*, forming a Li-TFSI-DOL; with a dangling O (gray line),
the reaction is exothermic by —0.12 eV. However, when adding
a second DOL molecule to form a TFSI™ and a Li-DOL,", the
reaction becomes endothermic by 0.30 eV. This could
correspond to the electrolytes with low concentrations of
LiTFSI, where the dangling O from Li-TFSI-DOL; and TFSI™
in the final structure are not well stabilized, making the overall
thermodynamics endothermic. In contrast, with a higher
concentration of LiTESI, there is an interaction between the
initial state, Li-TSFI-DOL,, and a second Li-TSFI complex, as
indicated by the red line. When adding DOL to Li-TESI-
DOL,, in the electrolyte with a higher concentration of
LiTFS], the dangling O from Li-TESI-DOL; can be stabilized
by the Li* from a secondary Li-TFSI, where the reaction
potential energy is exothermic by —0.71 eV (red line). Adding
a second DOL to Li,-TFSI,-DOL;, the complex decomposes
to Li-DOL," and Li-TFSL~ ions, and this step is also
exothermic by —0.14 eV. When considering the entropic
effect and evaluating the free energy, a similar trend is also
observed (Figure S18). Therefore, these two pathways
explicitly show that with higher LiTFSI concentration, the
formation of Li-DOL," by removing paired anions is
thermodynamically favored due to better TESI™ stabilization
by a nearby LiTFSL In contrast, in electrolytes with low
LiTFSI concentration, this process is thermodynamically not
favored. This finding suggests that an electrolyte with a higher
LiTFSI concentration, featuring a thermodynamically favored
anion stripping process, may result in a lower energy barrier for
the lithium intercalation process, further reducing interactions
between diffused lithium ions and free solvent molecules,
thereby enhancing graphite stability.

An intriguing phenomenon that captured our attention is the
stable specific capacity exceeding the theoretical capacity of
graphite (~390 mAh g¢') observed in the nanostructured
electrolyte with LINO; additives (0.4 M) (Figure 1a). Given
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this intriguing finding, we further investigated the capacity
contribution from Super P (SP) conductive carbon black.
Carbon materials can store charge through various mecha-
nisms, such as faradaic intercalation, capacitive, and
pseudocapacitive charge storage.””*" To evaluate the SP
capacity contribution to the graphite anode, electrodes
composed of pure SP and poly(vinylidene difluoride)
(PVDF) as a binder (9:1, by mass) were fabricated. Similar
capacities were revealed for SP in both EC-based and
nanostructured electrolytes (~160 mAh g~') (Figure S9).
After the SP capacity contribution was subtracted, a theoretical
capacity of graphite (~370 mAh g~') was approached in our
nanostructured electrolyte at room temperature. To the best of
our knowledge, previously reported graphite electrodes with
the best capacity achieved being as high as ~370 mAh g~' (0.1
C, room temperature) had not subtracted the additives’
capacity contribution (e.g.,, Fe;0,, SP).*’

Further exploration of the electrochemical performance of
graphite in the nanostructured electrolyte was systematically
studied compared with that in the traditional EC-based
electrolyte, as presented in Figure 4. The graphite electrode
was cycled between 0.005 and 2.0 V (vs Li*/Li) at different C
rates in both electrolytes at room temperature. A typical
charge—discharge curve at 0.1 C is demonstrated in the
nanostructured electrolyte (Figure 4b) and is similar to that of
the EC-based electrolyte (Figure 4a), suggesting reversible
lithium intercalation and extraction (Figure 4c). The slightly
larger capacity decay in the nanostructured electrolyte is able
to be explained by the nanoscale cracks, as observed from the
TEM image (Figure 2j). These observations suggest that the
exfoliation of graphite at a smaller scale persists, contributing a
smaller average Coulombic efficiency (Figure S10) of graphite
within the nanostructured electrolyte (99.34%) compared to
that within the EC-based electrolyte (99.41%). Long-term
cycling at 0.2 C for up to 200 cycles (Figure S11) further
validated the stable Li-ion intercalation and extraction
behaviors in our nanostructured electrolyte. The rate-capability
test shows that the graphite electrodes maintain their
performance at elevated charge—discharge rates of up to 2 C
(Figure 4d) in the nanostructured electrolyte. Up to a rate of
0.2 C, both electrodes in the EC-based electrolyte and
nanostructured electrolyte demonstrate a similar voltage profile
with inconspicuous voltage hysteresis (Figure 4e,f), defined as
the difference between the average charge and discharge
voltage. At such low rates, the Li insertion and extraction
kinetics limitation is negligible, leading to a close specific
capacity in both electrolytes. However, raising the cycling rate
to 0.5 C reveals a significant difference between these two
electrolytes, not only in voltage profiles but also in specific
capacity. At a high C rate (>0.5 C), a more desirable potential
plateau and a much smaller voltage hysteresis (Figure 4g) are
obtained in the nanostructured electrolyte. Moreover, the
specific capacity of graphite cycled in the nanostructured
electrolyte is about seven times that of graphite electrodes
cycled in the traditional EC-based electrolyte at a 2 C rate. The
electrochemical window limit of the nanostructured electrolyte
was examined by linear sweep voltammetry (LSV) tests in a
Li—Al cell, which shows that our nanostructured electrolyte
can be stable at a voltage as high as 4.4 V (Figure S12). A
further increase of LiTFSI concentration from 2 to 3 M is able
to elevate the stable voltage to 4.5 V, which can be used in
most of the cathode materials. Based on the LSV results, we
performed a galvanostatic cycling performance test using

https://doi.org/10.1021/acsenergylett.4c02011
ACS Energy Lett. 2024, 9, 5002—5011
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LiNij§Co,y;Mn,;0, (NCM811) in our nanostructured elec-
trolyte. Facile oxidation of the conventional EC-based
electrolyte on the surface of high-nickel cathodes has been
widely discovered. As a result, NCM811 suffers from a sudden
capacity loss after ~170 cycles at 0.5 C (Figure S13a), resulting
in a low capacity retention (~21.5%, Figure S13b) after 300
cycles. However, by eliminating the EC in our DOL
electrolyte, the NCMS811 demonstrates a superior cycling
stability with a capacity retention of ~93.0% after 300 cycles at
0.5 C (Figure S13c). These results further suggest the
importance of unlocking the electrolyte limitation on graphite
anodes to avoid a EC-based conventional electrolyte for high
energy density LIBs.

Compared to the LiNO;-free nanostructured electrolyte (2
M LiTFSI in DOL), the addition of LINOj into the electrolyte
contributes to improved electrochemical performance (Figure
1a), possibly stemming from the formation of a fluorinated
solid electrolyte interface (SEI) with fast lithium conduc-
tion.***” In addition to the SEI structure study from electron
microscopy techniques (Figure 2e—h), X-ray photoelectron
spectroscopy (XPS) was further applied to probe the
components of the SEI layer on the cycled graphite electrode
at different depths (0, 10, and 20 nm). For the graphite cycled
in DOL-based electrolytes, SEI layer components consisting of
inorganic species (e.g, Li,CO; LiF, LiOH) and organic
species (e.g, C—C, C—O, RLj, etc.) have been detected
(Figure S, Figures S14—S16). The most significant difference
among these electrolytes lies in their fluorine compound
content (LiF) and LiN,O, species (~400 eV in Figure 5g—i).
With the addition of LINO; into the DOL electrolyte system,
the intensity of LiF (Figure Sj—I, Figure S15j—1) and LiN,O,
peaks (Figure Sg—i, Figure S15g—i) has been greatly enhanced
compared with the single LiTFSI system (1 M LiTFSI in DOL,
Figure S14g—I1). The combination of LiF/LiN,O, has been
widely discovered as the SEI components in LiNOj-added
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electrolytes.”>**** It has been discovered that the NO;™ is able
to enhance the interaction between TFSI™ and Li*, promoting
the decomposition of TFSI™ and contributing to the formation
of a fluorinated SEL>° Such results have been further
confirmed by corresponding element contents, where a lower
F concentration has been found in the single LiTFSI
electrolyte (~1%, Figure S16d). F-rich SEI structures (>10%,
Figure S16h—1) in these LiNO;-added systems suggest a full
fluorine decomposition of LiTESI on the graphite surface. In
contrast, much lower S element concentrations (1.5—2% vs
~6% in 1 M LiTFSI in DOL) are detected, which is consistent
with the energy dispersive X-ray spectroscopy (EDS) results
showing outer layer S distribution in the graphite cycled in 1 M
LiTFSI in DOL (Figure S16d). Graphite cycled in 1 M
LiTFSI/0.4 M LiNO; and 2 M LiTFSI/0.4 M LiNO; exhibit
similar SEI components, while the addition of LiNO;
significantly changes their SEI structures. The cooperation
between LiNO; and LiTFSI results in high LiF (Figure Sj—I)
and LiN,O, (Figure 5g—i) content from a new decomposition
pathway, as indicated by cyclic voltammetry and LSV curves
(Figure S17). The contributed fluorinated SEI is believed to
dictate the physicochemical properties, such as the interfacial
enerigy, Li-ion diffusion behaviors, mechanical stability, and so
on.”’ However, at a slightly lower concentration, a similar SEI
structure (1 M LiTFSI/0.4 M LiNO;) fails to deliver smooth
lithium (de)intercalation as the nanostructured electrolyte (2
M LiTFSI1/0.4 M LiNO,;), further suggesting that the role of
the SEI on the graphite stability has been overemphasized."*
On the other hand, fluorides largely reduce the activation
energy barrier for Li-ion diffusion across the SEI, resulting in
fast Li diffusion.””>*

In summary, our study revisited the stability of graphite
during lithium-ion (de)intercalation, critically examining the
conventional viewpoint of liquid graphite exfoliation. We
propose that increasing the concentration of long-chain LiTFSI
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salt leads to the formation of an overall charge ordering
electrolyte nanostructure with an anion network, as revealed by
SAXS and MD simulations. The resulting anion network
effectively confines free DOL solvent molecules, mitigating the
interaction between graphite particles and free solvent
molecules during Li (de)intercalation. Our findings extend
beyond this specific electrolyte composition, as the observed
electrolyte charge ordering nanostructure is universal in high
concentration electrolytes with long-chain lithium salts
(LiTFSI).>"***° Consequently, our results offer an explanation
for the superior stability of graphite reported in high LiTFSI
concentration electrolytes with various unusual solvents.'*™"’
Furthermore, the addition of LiNO; to the nanostructured
electrolyte contributes to the formation of a fluorinated SEI,
enhancing the Li intercalation kinetics. As a result, our
nanostructured electrolyte exhibits a theoretical capacity of
graphite (~370 mAh g™!, 0.1 C) and significantly improved the
fast-charging capability, demonstrating reversible lithium
insertion and extraction. From our studies, it is demonstrated
that the stability of the graphite is determined by the
nanostructure of the electrolyte, while the SEI affects the
kinetics of lithium-ion (de)intercalation to a great extent. In
conclusion, our results provide a nuanced understanding of the
mechanism governing graphite stability in relation to electro-
lyte nanostructure, challenging the widely accepted standpoint
based solely on the SEI or Li coordination structure.
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