
Inorganic-Dominated Interphase Enabled by Tuning Solvation
Configuration for 4.8 V Lithium-Ion Batteries
Haoliang Wang, Yan Zhao,* Lu Wang, Hao Zhang, Shiming Chen, Wenguang Zhao, Xiangming Yao,
Yuxiang Huang, Aimin Cao, Yongli Song, Luyi Yang,* and Feng Pan*

Cite This: J. Phys. Chem. Lett. 2024, 15, 12234−12242 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Constructing a dense inorganic component-dominated cathode electrolyte
interphase (CEI) to meet the long-term cycling requirements of ultrahigh voltage cathodes has
been a crucial challenge. Nevertheless, this goal is difficult to achieve in traditional electrolyte
compositions due to the inevitable decomposition of organic solvents. Herein, by utilizing the
localized mismatch between the strongly coordinating hexafluorophosphate anion (PF6−) and
the weakly coordinating solvent 1,1,1-trifluoro-N,N-dimethylmethanesulfonamide (TFDMSA),
abundant aggregates (AGGs) emerged under a regular Li salt concentration of 1 m lithium
bis(fluorosulfonyl)imide (LiFSI) + 0.1 m LiPF6 in TFDMSA. This anion-rich Li+ solvation
structure results in an inorganic-dominated LiF-rich CEI to suppress phase transitions of
lithium-rich manganese-based cathode materials (LLMO). Consequently, the prepared
LLMO||Li half-cells demonstrate a capacity retention of 80.7% after 350 cycles at 4.8 V.
This work advances the practical application of new electrolyte systems by proposing a new
approach to construct anion-dominated Li+ solvation structures in local environments.

Lithium-rich manganese-based (LLMO) materials present a
multitude of benefits, such as high discharge capacity,

cost-efficiency, and environmental compatibility, attracting
significant worldwide interest as a promising next-generation
cathode candidate for high-energy-density lithium-ion bat-
teries.1−3 However, owing to the instability of the organic CEI
formed by traditional carbonate electrolyte under high voltage
as well as the presence of interfacial multiple side reactions, the
LLMO displays significant voltage decay and rapid capacity
fading.4−6

Currently, a large number of studies have focused on the
anion-dominated Li+ solvation structure to form a CEI rich in
lithium fluoride (LiF) and other inorganic components. Such a
CEI has excellent resistance to oxidation, inhibition of side
reactions, adaptability to volume changes, and high Li+
conductivity.7−10 For some examples, designed by Liu et al.,
anchored weak solvating electrolytes (AWSEs) were derived by
lengthening the chain of the polyoxymethylene ether electro-
lyte solvent. The −O−CH2−O− moiety in the solvent gives
rise to a feeble four-membered-ring Li+ coordination
configuration. At moderate salt concentrations, the solvation
structure was regulated, realizing the formation of an inorganic-
rich CEI on the nickel-rich cathode (LiNi0.8Co0.1Mn0.1O2),
ensuring its excellent long-term cyclic stability at 4.5 V.11 Kim
et al. investigated the weak coordination capacity of the two
oxygen atoms in 1,2-bis(1,1,2,2-tetrafluoroethoxy)ethane. By
combining lithium fluoromalonato(difluoro)borate with silver
nitrate, they enhanced the electrode−electrolyte interface
protection, subsequently improving the oxidation resistance
of ether-based electrolytes.12 However, most presently

reported weakly coordinating solvents, such as 1,3-dioxolane,13

1,4-dioxane,14 and tetrahydrofuran,15 encounter challenges in
meeting stable cycling requirements beyond 4.6 V. In addition,
current solvation structure regulation systems with regular
lithium salt concentrations are predominantly implemented in
the system of LiFSI/LiTFSI in weakly coordinating solvents,
which are prone to cause corrosion of Al current collectors
under high voltage.16 For commercially employed lithium
hexafluorophosphate (LiPF6) with the strong coordinating
anion PF6−, weakly coordinating solvents exhibit reduced
competitive potency relative to PF6− during the coordination
with Li+. LiPF6 is able to achieve sufficient dissociation only at
a relatively low concentration (substantially beneath 1 M). At
the standard 1 M concentration, the insufficient dissociation of
a substantial quantity of LiPF6 gives rise to macroscopic
insolubility, signifying a mismatch between PF6− and weakly
coordinating solvents that restricts the practical implementa-
tion.13−15 In recent years, highly fluorinated sulfonamide-based
electrolytes have been employed for high-voltage cathodes due
to their relatively high antioxidant property.17−19 However, if
only relying on the oxidation stability of the solvent itself, a
significant amount of organic components are still generated,
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making it difficult to meet the requirements for long-term
cycling under high voltages.17,20 Hence, modulating the Li+

solvation structure to give anion dominance, which further
reduces the irreversible decomposition of fluorinated sulfona-
mide solvents, is crucial.
Herein, we stepped out of the conventional matching weakly

solvating electrolyte that contains only weakly coordinating
solvents and weakly coordinating anions (FSI−/TFSI−). By
introducing a small quantity of the strongly coordinating anion
PF6− (Figure S1),21 we take advantage of the localized
mismatch: the insufficient dissociation of a minimal quantity of
LiPF6 forming ion pairs (Scheme 1). Molecular dynamics
(MD) simulations and spectroscopic results affirmed that

AGGs were abundant under a regular Li salt concentration of 1
m LiFSI + 0.1 m LiPF6 in TFDMSA (TFDMSA-FP, 1 m
means 1 mol of Li-salt dissolved in 1 kg solvent) but were
absent in the LiFSI in TFDMSA single-salt electrolyte with the
same lithium-ion concentration (1.1 m). Due to the good high-
voltage stability of TFDMSA itself and the preferential
decomposition of AGGs in the Li+ solvation structure, an
inorganic-dominated CEI was obtained, effectively suppressing
the surface phase transitions of LLMO.
First, quantum chemistry calculations were utilized to depict

the coordinating ability of TFDMSA. TFDMSA’s lower
binding energy with Li+ shown in Figure S1 and its less
pronounced negative potential around oxygen atoms in

Scheme 1. Design Concept and Mechanism of Li+ Solvation Structure by Localized Mismatching Regulation to Form Inorganic
Interphase with Action of TFDMSA-FP

Figure 1. a) The representative solvation structure of the primary Li+ solvation sheath, radial distribution functions (RDFs) and coordination
numbers for TFDMSA + 1 m LiFSI (left) and TFDMSA-FP ((right), the abbreviation for TFDMSA + 1 m LiFSI and 0.1m LiPF6). Color scheme
of atoms: H-white, Li-purple, C-gray, N-dark blue, O-red, F-light blue, P-light purple, and S-yellow. b) 19F-NMR, c) 7Li NMR, d) Raman spectra,
and e) FTIR spectra of TFDMSA solvent, different electrolytes, and lithium salts.
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electrostatic potential (ESP) maps as depicted in Figure S2
jointly unveil its weaker coordination ability than traditional
carbonate solvents. Besides, LiPF6 exhibits low solubility of
∼0.2 m in TFDMSA (∼1.5 m for LiFSI in TFDMSA) and high
solvation free energy (Figure S3), indicating the relatively poor
matching degree between strongly coordinating anion PF6−
and the weakly coordinating solvent TFDMSA, thereby
explaining LiFSI was employed rather than LiPF6 in previous
studies.14,22 Nevertheless, by introducing a small quantity of
LiPF6 into LiFSI in TFDMSA,

21 a localized mismatch is
engendered to form an anion-dominated solvation structure.
To detect the feasibility of the regulation strategy, we

designed four colorless, transparent, and homogeneous dilute
electrolytes with TFDMSA as the single solvent (Figure S4)
and conducted molecular dynamics (MD) simulations. Figure
S5a−d display snapshots of the solvation environment
surrounding Li+, illustrating the solvation structures in various
electrolyte formulations. The representative portion of the first
solvation sheath within a 3 Å range was extracted (as shown in
Figure 1a and Figure S6a,b) and the coordination numbers for
each constituent were displayed in Table S1. For TFDMSA + 1
m LiFSI, the weak coordination affinity between TFDMSA and
Li+ incurs a significant presence of FSI− within the solvation
sheath (CN value of 2.10). The introduction of 0.1 m LiPF6
not only elevates the coordination number (CN) of FSI−
anions in TFDMSA-FP to 2.47 but also leads to the
participation of PF6− in coordination (CN value of 0.24).
The radial distribution functions (RDFs) reflect the average
distance and coordination intensity of each component from
the central Li-ion, as illustrated in Figures 1a and S6c,d.
Particular anions and solvents nearly occupy relatively invariant
positions in the four sets of electrolytes. PF6− and FSI− are
situated in the inner solvation sheath layer, with initial RDF
peaks at 1.83 and 1.95 Å, while TFDMSA shows a peak at 2.01
Å (Table S2), indicating the weak coordination characteristic
of TFDMSA. It is noted that the peak position of PF6− shifts
notably from 1.83 Å in TFDMSA + 0.1 m LiPF6 to 1.93 Å in
TFDMSA-FP. This discovery arises from the competition
between PF6− and FSI− in the anion-rich solvation structure of
Li+. However, PF6− (1.93 Å) remains in a relatively more inner
position than FSI− (1.95 Å). Consequently, the presence of
PF6− shortens the average anion-Li+ coordination distance
compared to that of pure LiFSI in TFDMSA, allowing more
anions to be accommodated within the initial solvation sheath
(within 3 Å) and thus forming a large number of AGGs. The
analysis above reveals that TFDMSA displays distinct weak
coordination with Li+, and the localized mismatch between
TFDMSA and PF6− facilitates the generation of an abundance
of AGGs at low concentrations.
Nuclear magnetic resonance (NMR) spectroscopy was

utilized to investigate the coordinated sites and solvation
environment of Li+. Figure 1b shows that the addition of 0.1 m
LiPF6 does not cause a notable shift in the 19F peak of
trifluoromethyl groups in TFDMSA, likely due to the low salt
concentration. A slight downfield shift is observed in TFDMSA
+ LiFSI. This can be attributed to the decrease in the shielding
effect around the F atom when Li+ coordinates with the O
atom in TFDMSA.19,23 Notably, when both LiPF6 (0.1 m) and
LiFSI (1 m) are incorporated, the 19F peak positions of PF6−
(corresponding to approximately −73 and −75 ppm, enclosed
by pink borders) exhibit a marked upfield shift.24 This
indicates that the interaction between PF6− and Li+ ions was
diminished by the presence of LiFSI, suggesting competition

for coordination with Li+ between FSI− and PF6− in the
solvation sheath, which is consistent with the above RDF
analysis. 7Li NMR was also employed, utilizing LiCl/D2O as an
internal standard (Figure 1c). In comparison to the TFDMSA
+ 0.1 m LiPF6 electrolyte, the TFDMSA + 1 m LiFSI system
induces an upfield region in the 7Li peak. This primarily stems
from the improved lithium salt concentration, which was
further demonstrated by the 7Li peak shift of TFDMSA + 1.1
m LiFSI electrolyte.25 However, the TFDMSA-FP exhibits a
more prominent upfield shift than TFDMSA + 1.1 m LiFSI.
The enhanced shielding effect, which is often associated with
more anion coordination around Li+, suggests that PF6− is
capable of providing increased anion pairing.26

For a more in-depth exploration of anion coordination,
Raman spectra were additionally examined. As shown in
Figures 1d and S7, no obvious AGG formations are observed
in the TFDMSA + 1 m LiFSI electrolyte. This suggests that the
majority of FSI− exist primarily as solvated separated ion pairs
(SSIPs, located at ∼720 cm−1) and contact ion pairs (CIPs,
located at ∼730 cm−1).27 Upon the addition of an extra 0.1 m
LiPF6, significant formation of AGG-(PF6−) at approximately
745 cm−1, AGG-I-(FSI−), where one FSI− coordinates with
two lithium ions and is located at approximately 742 cm−1, and
AGG-II-(FSI−), where one FSI− coordinates with three lithium
ions and is located at approximately 757 cm−1, is observed in
TFDMSA-FP.28,29 However, such species are absent in
TFDMSA + 1.1 m LiFSI. The abundance of AGGs account
for the enhanced shielding effect of Li+ as evidenced in the 7Li
NMR spectra, thereby revealing the most significant 7Li peak
shift in TFDMSA-FP. Fourier transform infrared spectroscopy
(FTIR) was employed to analyze the vibrational peaks of FSI−
in different electrolytes, reflecting the effect of LiPF6 on the
solvation structures (Figure 1e and S8). In TFDMSA + LiFSI
systems, the interaction between FSI− with Li+ weakens due to
the dissociation of LiFSI, causing the asymmetric stretching
vibration peak of the S−N−S bond in FSI− to shift toward
lower frequencies (from 857 cm−1 for LiFSI to 851 cm−1 for
FSI−).30,31 Upon introducing LiPF6, the vibration peak further
shifts from 851 to 848 cm−1, indicating that the interaction
between Li+ and FSI− was further diminished.32 The observed
shift, in conjunction with the alterations in the 19F peaks,
implies a competitive coordination between FSI− and PF6−
with Li+ within the compact inner solvation sheath. In
summary, the aforementioned regulation adeptly exploits the
localized mismatch to alter the solvation configuration. PF6−
not only provides additional anion coordination other than
FSI− but also reduces the overall coordination distance
between anions and Li+, inducing the formation of AGGs in
the first solvation sheath, laying a solid foundation for the
formation of an inorganic CEI, which is paramount importance
for the stable cycling of the LLMO cathode at ultrahigh
voltages.
To explore the stability of the mentioned electrolytes under

high voltages, linear sweep voltammetry (LSV) tests were
initially conducted. As observed in Figure S9, the base
electrolyte 1 M LiPF6 in EC:DMC:EMC = 1:1:1 Vol%
(EDE-P), which is a typical traditional matching strongly
solvating electrolyte (the combined use of strongly coordinat-
ing anion PF6− and strongly coordinating solvents EC, DMC,
and EMC), exhibits continuous decomposition at potentials
above 4 V, which implies the instability of the conventional
electrolyte system for operation under high voltage. Interest-
ingly, the TFDMSA + 1 m LiFSI system displays a noticeable
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current at low voltages (about 3.5 V), which can be attributed
to the very common corrosion of aluminum current collector
by low-concentration LiFSI.16,33 The increased LiFSI concen-
tration (1.1 m) improves oxidation resistance, characterized by
observable currents at relatively higher voltages up to 3.7 V.
This change can be attributed to alterations in its solvation
structure due to the higher salt concentration.27 However,
TFDMSA-FP demonstrates exceptional high-voltage tolerance,
with the decomposition onset potential reaching approximately
4.9 V. The corrosion induced by FSI− is effectively suppressed,
attributable to the passivation effect of PF6− and the formation
of AGGs.34 The formation of AGGs helps reduces the quantity
of free FSI− and form a stable CEI, thus inhibiting the
dissolution of Al3+.35,36 For EDE-FP (1 m LiFSI + 0.1 m LiPF6
in EC:DMC:EMC = 1:1:1 Vol%), carbonate solvents are
inherently unstable at high voltages. Moreover, the strong
coordinating ability of carbonate solvents excludes anions from
the first solvation sheath,14 making the localized mismatching
regulation inapplicable. The prominent and persistent signal
current indicates difficulty in meeting the operational require-
ments at high voltages. The initial CV curves of LLMO
cathodes using EDE-P, EDE-FP, and TFDMSA-FP all displays
two distinct oxidation peaks (Figures 2a and S10),
corresponding to lithium-ion extraction from LiMO2 (M =
Ni, Co, Mn) at around 4.1 V and an irreversible electro-
chemical activation at approximately 4.6 V.37 However,
TFDMSA-FP exhibits a lower oxidation potential (4.58 V)
in comparison with those in EDE-P and EDE-FP (4.67 V).
This suggests that LLMO in TFDMSA-FP exhibits a smaller
activation potential, thus reducing polarization losses.38

Besides, the CV curves using TFDMSA-FP exhibit a higher
degree of overlap, signifying its excellent cycling stability
(Figure S11).
The electrochemical performance of the LLMO||Li half-cells

assembled with TFDMSA-FP was evaluated. LLMO||Li half-

cells using TFDMSA-FP show enhanced rate performance and
lower-temperature performance, as shown in Figure 2b,c. This
is attributed to the fast Li+ solvation-desolvation process
brought by the inorganic CEI and the lower melting point of
TFDMSA (−42 °C). Under a voltage range of 2−4.8 V and a
current density of 1 C (300 mA g−1), a capacity retention of
80.7% was obtained after 350 cycles. In comparison, the half
cells using EDE-P and EDE-FP fail within short cycles (Figures
2d and S12−S13). However, TFDMSA-FP exhibits a lower
initial Coulombic efficiency (ICE) (Figure S12). This may be
attributed to the formation of the effective CEI, which is
analyzed in the subsequent discussions. The cells with EDE-P
exhibit evident capacity fading and voltage reduction after 100,
200, and more cycles, indicating severe LLMO phase
transitions.39 In comparison, TFDMSA-FP effectively sup-
presses such structural evolution, promoting a higher working
voltage and capacity retention rate, (Figure S12). It is worth
noting that the TFDMSA-based electrolyte without LiPF6 (1
and 1.1 m LiFSI) fails to complete the normal first-cycle
charging. This can be attributed to the severe corrosion
phenomena caused by the low concentration of FSI− as
reported previously.16,33 Here, the concentration of LiFSI was
raised to nearly saturation (1.5 m, as shown in Figure S14),
exceeding the realm of dilute electrolytes discussed herein.
Nevertheless, its high concentration moderately inhibits
corrosion (Figure S9) and the successful facilitation of
LLMO cathode operation (Figure S12). In the absence of
the mismatching regulation offered by LiPF6, it eventually
malfunctions within several tens of cycles (Figure S13).
Based on the superior performance of TFDMSA-FP in

LLMO cathodes, LLMO||Gr full coin-cells were assembled.
The cells using TFDMSA-FP exhibit excellent capacity
retention (300 mA g−1, 2−4.75 V, 200 cycles, 80.0%), while
EDE-P fail in shorter cycling periods (Figure S15a). In contrast
to the relatively superior performance in LLMO||Li half-cells,

Figure 2. a) The initial cyclic voltammetry (CV) curves of Li||LLMO cells in TFDMSA-FP and EDE-P at a scanning rate of 0.33 mV s−1 (V vs Li/
Li+), b) rate performance of LLMO||Li cells under room temperature, and c) capacity of LLMO||Li cells at 0.33 C under a wide temperature range
with the voltage range from 2 to 4.8 V (V vs Li/Li+). d) Long-term cycling performance of LLMO||Li cells in two electrolytes with the voltage range
from 2 to 4.8 V (vs Li/Li+) at 1 C (1 C = 300 mA g−1) after 2 activation cycles at 0.2 C (areal mass loading of 2.3 mg cm−2 in LLMO||Li half-cells).
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the failure of the EDE-P in long-term cycling can be attributed
to its slow oxidation decomposition under high voltages. The
average Coulombic efficiency of EDE-P is 93.5%, which is
lower than that of TFDMSA-FP (99.5%). This indicates that
TFDMSA-FP possesses impressive reversibility throughout the
cycling process, which is further demonstrated by substantially
mitigated voltage fade (Figure S16). The excellent cycling
performance is largely attributed to the stable CEI formed by
TFDMSA-FP at the LLMO electrodes, ensuring the battery’s
reversible cycling and effectively suppressing irreversible
structural degradation at the cathode end. Besides, under
various rates, the TFDMSA-FP group displays superior
discharge performance as expected. Even at 5 C, a capacity
retention of 50.9% (equivalent to 126.8 mAh g−1) relative to
0.2 C was achieved, surpassing that of EDE-P (116.3 mAh g−1,
46.0%) as shown in Figure S15b. However, by measuring the
ionic conductivity of the electrolyte, it is found that the ionic
conductivity of TFDMSA-FP with a large number of anions in
the solvation sheath is lower than that of the base electrolyte
(Table S3).40 Hence, the accelerated lithiation-delithiation
process enabled by inorganic CEI plays a crucial role in
enhancing the rate performance.
To elucidate the formation process and origins of the CEI, in

situ FTIR was employed to investigate the interfacial evolution
of the LLMO cathode surface using TFDMSA-FP during the
initial charging process. From Figure 3a, it is evident that there
is negligible decomposition of the surface components of the
cathode material before a voltage of 4.1 V. Around 4.2 V, the

emergence of the asymmetric stretching vibrations of the
sulfonyl group (O�S�O) at 1376 cm−1 and the symmetric
stretching peaks at 1226 cm−1, 1173 cm−1, and 1127 cm−1 are
observed.30,32 Additionally, the distinct symmetric stretching
peak of S−N−S at 768 cm−1, which is unique to FSI−1,
indicates that the decomposition originates from FSI−1. The
very faint C−F stretching vibration peak at 1063 cm−1, unique
to TFDMSA, suggests the minor decomposition of a small
quantity of TFDMSA within the first solvation sheath.30,41 XPS
was conducted to provide more precise information about the
CEI composition. The C 1s spectra display relatively weak
signal peaks, implying a low content of organic components in
CEI (Figure 3c,f). From an elemental standpoint, carbon
atoms occupy a meager 2%, while a considerable amount of
fluorine manifests in the TFDMSA-FP group (Table S4),
predominantly as LiF (Figures 3d,g, and S17). The F 1s
spectra indicate that TFDMSA-FP forms more lithium
fluorides than EDE-P on the LLMO surface (685 eV), while
the SO2Fx arise from the partial decomposition of FSI− and
TFDMSA (Figures 3d,g and S17).18 In the O 1s spectra,
significant amounts of Li2O are present in EDE-P both before
and after etching. However, only trace amounts of Li2O are
detected in TFDMSA-FP (Figures 3e,h and S17). This can be
attributed to the effective inhibition of irreversible Li2O loss in
TFDMSA-FP, especially during the first cycle, and also hints at
better structural protection for LLMO. Furthermore, the
evident SOx peaks suggest the oxidation decomposition of
sulfur-containing components in TFDMSA-FP, which was

Figure 3. a) In-situ FTIR difference spectra on LLMO cathode surface during first charging process. b) Schematic diagram of the composition of
LiF-rich inorganic-dominated CEI. XPS spectra of LLMO electrode surfaces subjected to 30 s etching with different electrolytes after 100 cycles (c,
d, and e for EDE-P and f, g, and h for TFDMSA-FP).
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further verified by the N 1s and S 2p peaks (Figure S17−18).20
Furthermore, the relatively higher P content in TFDMSA-FP
compared to EDE-P, as indicated in Table S4, suggests the
decomposition of a portion of the PF6− ions within the primary
solvation structure. Based on the aforementioned analysis, the
anion-dominated solvation structure effectively creates an
inorganic CEI, which can suppress structural degradation of
LLMO at high voltage operation.
X-ray diffraction (XRD) measurements were conducted to

unveil the structural evolution of the LLMO cathodes after
cycling. Following cycling, in LLMO, the positional exchange
between Ni3+ at the octahedral 3(a) site and Li+ at the 3(b)
site in the space group R3̅m weakens the intensity of the (003)
peak, while this exchange does not affect the intensity of the
(104) peak. As a result, the I003/I104 ratio reflects the degree of
Li−Ni cation mixing, with I003/I104 < 1.2 indicating severe
cationic mixing.42 As observed in Figure S19, the pristine
electrodes exhibit a relatively ordered structure with an I003/
I104 ratio of 2.78. However, the I003/I104 ratio in the cycled
electrodes in EDE-P substantially decreases to 0.95, suggesting
severe Li−Ni cation mixing. In contrast, the electrode in
TFDMSA-FP maintains an I003/I104 ratio of >1.29, implying a
relatively better ordering. These findings underscore
TFDMSA-FP’s ability to suppress the otherwise inevitable
structural degradation occurring during LLMO cycling. To
investigate the dissolution of Mn2+, inductively coupled plasma
(ICP) analysis was performed (Figure S20). A substantial
amount of Mn2+ occurs in the EDE-P group after cycling with
a concentration of 0.14 mg/L. In contrast, this dissolution
process is notably suppressed in the TFDMSA-FP group (0.04
mg/L). This finding indicates that TFDMSA-FP contributes to
mitigating Mn2+ dissolution from the LLMO cathode during
cycling, thereby preserving an optimal layered structure.4

Scanning electron microscopy (SEM) was utilized to
examine the integrity of LLMO particles after cycling (Figures
4a,b and S21).43 The images reveal that the sizes of the
secondary spherical LLMO particles are similar, approximately
5−10 μm. However, the particles in EDE-P exhibit
considerable cracks and a relatively irregular spherical shape

after 100 cycles. The generation of these cracks might initially
stem from a higher oxygen vacancy concentration causing
lattice contraction, as well as the local spinel phase trans-
formations expanding throughout the entire crystal over
extended cycling periods, ultimately leading to particle
fracture.44 In contrast, TFDMSA-FP provides excellent
protection for the material’s integrity, resulting in barely
visible, minute cracks after cycling. The preservation of the
well-defined spherical structure highlights its advantage in
mitigating the structural degradation of LLMO. Notably, this
inhibition of phase transitions is intricately related to the
robust and effective CEI in situ formed during cycling.
For a more compelling illustration of bulk phase transitions

within LLMO particles, focused ion beam (FIB) and high-
resolution transmission electron microscopy (HR-TEM) were
employed (Figures 4c,d and S22). Through the HR-TEM
pattern of the cycled LLMO particles, the near-surface region
of the LLMO particle in EDE-P manifests the presence of
distinct polymorphic phases, including the spinel phase and
rock-salt phase (indicated by the blue and red boxes,
respectively).45 Almost no obvious layered phase is visible.
These regions were also confirmed well by their corresponding
fast Fourier transform (FFT) patterns. The crystal plane
spacing of 0.289 nm, corresponding to the (220) crystal plane
in the spinel structure, is also identified.46 These findings
suggest that EDE-P struggles to suppress phase transitions in
LLMO during cycling, potentially due to poor electrolyte
stability at high voltages and the insufficiently compact CEI
formed. Furthermore, the irreversible phase transitions from
the outer to the inner parts of the particles are in agreement
with the SEM observations, revealing an abundance of cracks
and even pulverization. Conversely, the phase transition in the
LLMO particle using TFDMSA-FP is effectively suppressed,
with the particle predominantly displaying the layered
structure and only a minor presence of the spinel phase
interspersed, while no apparent rock-salt phase is visible. The
FFT patterns likewise corroborate this observation. Addition-
ally, the crystal plane spacing of 0.47 nm, corresponding to the
(003) crystal plane in the layered phase, is identified.47 This

Figure 4. SEM and TEM images of LLMO electrodes disassembled from LLMO||Li cells with different electrolytes after 100 cycles, [a, c) for EDE-
P, [b, d) for TFDMSA-FP]. 3D in situ Raman spectra evolution of the LLMO particles in EDE-P and TFDMSA-FP at the Eg and A1g Raman active
vibrational peaks during the first cycle at 0.33 mV s−1, e) for EDE-P] and f) for TFDMSA-FP].
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evidence underlines the crucial role of TFDMSA-FP in
mitigating structural degradation during LLMO cycling. Such
inhibitory effects might originate from the fast formation of a
robust and homogeneous inorganic CEI and subsequent
suppressed surface phase transitions of the LLMO.
In situ Raman characterization was further conducted to

gain a clearer and more direct observation of the evolution of
the crystal structure during the initial charge−discharge
process, as shown in Figure 4e,f. Before charging, the pristine
LLMO at the open-circuit potential (OCP) exhibits the typical
Eg and A1g bands in the Raman spectrum, which correspond to
vibrations at 490 cm−1 and stretching at 605 cm−1, respectively.
The peak at 430 cm−1 is associated with the monoclinic
Li2MnO3 structure (Figure S23).

4 As the voltage continuously
increases, a noticeable decrease in the peak intensities of both
the Eg and A1g modes is observed for both samples, indicating
weakened O-TM-O and TM-O bonds at high voltage. As the
CV undergoes a negative sweep, peak intensities in the
TFDMSA-FP group almost fully recover to their initial states,
while the EDE-P group exhibits a substantial attenuation
compared to the initial intensity, corresponding to the
destruction of the layered structure.48

In this work, we aim to construct an inorganic-dominated
CEI for high-voltage LLMO cathode by utilizing the localized
mismatch between the strongly coordinating anion PF6− and
the weakly coordinating solvent TFDMSA. By introducing 0.1
m LiPF6 to 1 m LiFSI in TFDMSA, large amounts of AGGs
emerged, forming a robust CEI consists of LiF, SOx,
phosphides and nitrides, etc. Benefiting from this CEI,
irreversible degradation of LLMO was suppressed. Con-
sequently, the stable operation of LLMO was achieved at a
high voltage of 4.8 V (80.7% capacity retention after 350
cycles). Besides, proof-of-concept LLMO||Gr full cells also
exhibit improved cycling performance (200 cycles, 80%
capacity retention) and enhanced rate performance. In brief,
this new design approach for regulating solvation structures has
successfully opened up new avenues for the practical
application of nonconventional high-voltage lithium-ion
battery electrolytes.
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