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High-nickel layered cathodes are susceptible to interfacial side reactions, lattice oxygen release, and
microcrack propagation during high-voltage cycling, leading to continuous electrolyte corrosion and
rapid degradation of battery performance. To address these issues, we regulated the local solvation
structure in the quasi-solid-state electrolyte to create an anion-dominated, locally high-concentration
solvation environment (QSPE-AL), which promotes the preferential participation of anions in interfacial
reactions and induces the formation of a LiF-rich cathode electrolyte interphase (CEl). The in situ
polymerized polymer network provides continuous ion transport channels, which contributes to
suppressing interfacial contact issues during the cycling process. The Raman spectroscopy results
indicate that in QSPE-AL, more anions enter the first solvation shell around Li*. X-ray photoelectronic
spectroscopy analysis further confirms that the LiF content in the CEl formed by QSPE-AL has increased
remarkably. Owing to its high mechanical strength and interfacial stability, LiF CEl effectively buffers the
volumetric stress generated during the cycling of high-nickel cathodes, inhibits the continuous

penetration of electrolyte along grain boundaries, and slows the formation and propagation of
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Accepted 16th July 2026 microcracks in cathode particles. Electrochemical testing reveals that NCM622||Li batteries using QSPE-

AL electrolyte maintain a capacity retention rate of 88% after 300 cycles and continue to exhibit
DOI: 10.1039/d6sc04863¢ excellent stability even after more than 1000 cycles. This work provides new insights into the interface

rsc.li/chemical-science design of highly stable, high-voltage quasi-solid-state lithium-metal batteries.

same time, high-nickel layered oxide cathode materials (such as
LiNi,Co,Mn;_,_,0,, NCM) offer broad application prospects in
high-energy-density lithium-metal batteries due to their
combination of high operating voltage and large reversible
capacity.”’® Among these, high-nickel cathodes such as

Introduction

With the rapid development of electric vehicles, large-scale
energy storage, and portable electronic devices, high-energy-
density rechargeable battery systems have attracted wide-

spread attention.™ Current commercial lithium-ion batteries
are gradually approaching the theoretical energy density limit of
traditional graphite anode systems.** Therefore, the develop-
ment of new energy storage systems with higher energy density
has become a key research focus for next-generation electro-
chemical energy storage technologies.® Among the many
candidate systems, lithium metal is considered one of the most
promising next-generation anode materials due to its theoret-
ical specific capacity of up to 3860 mAh g ' and its lowest
electrochemical reduction potential (—3.040 V vs. SHE).*® At the
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NCM622 can achieve a reversible capacity exceeding 180 mAh
g~ ', making them a crucial component for high-energy-density
lithium-metal batteries."

However, high-nickel layered cathodes still face serious
issues regarding interfacial and structural stability under high-
voltage and long-cycle conditions. As the degree of delithiation
increases, the Ni**/Ni** content in the layered structure rises.
This leads to a decrease in lattice oxygen stability and an
increased risk of side reactions such as oxygen evolution, phase
transitions, and transition metal migration.””** At the same
time, high-nickel cathodes undergo significant anisotropic
volume changes during repeated lithium intercalation and
deintercalation cycles, causing mechanical stress to gradually
accumulate within the particles.”>"” Microcracks form along the
grain boundaries within the secondary particles when local
stress surpasses its tolerance limit."** In addition to weakening
the mechanical integrity of the particles, these microcracks
constantly expose fresh active surfaces, accelerating the oxida-
tive decomposition of the electrolyte and interfacial side
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Chemical Science
reactions.”*?* This ultimately leads to a vicious cycle of struc-
tural damage, interfacial instability, and crack propagation,
which severely limits the cycle life and safety performance of
high-nickel cathodes.

Recent research has demonstrated that the production of
microcracks in cathode particles is causally connected to
interfacial chemical stability.**>* Conventional carbonate or
ether-based electrolytes are prone to sustained oxidative
decomposition under high-voltage conditions, leading to the
formation of an organic-rich cathode electrolyte interphase
(CEI) on the cathode surface.>**® However, such organic CEI
typically exhibit low mechanical modulus and poor chemical
stability.*>** They are prone to repeated fracturing and recon-
struction during cycling, rendering them unable to effectively
buffer the mechanical stresses generated by the volume changes
of high-nickel cathodes.*> When the interface layer fails locally,
the electrolyte continues to penetrate into the interior along
grain boundaries, causing the release of lattice oxygen, disso-
lution of transition metals, and the accumulation of localized
side reactions, all of which accelerate the initiation and prop-
agation of microcracks.*® Therefore, the formation of a stable
CEI that combines high mechanical strength with high chem-
ical stability is considered a key strategy for addressing the
degradation of high-nickel cathode structures.** Quasi-solid
polymer electrolytes (QSPEs) have attracted widespread atten-
tion for their potential to enhance battery safety and interfacial
stability.*>*® Compared to traditional liquid electrolytes, QSPEs
offer high ionic conductivity, excellent flexibility, and superior
safety, effectively reducing the risk of electrolyte leakage and
thermal runaway.*”** However, high-voltage interface insta-
bility remains a widespread issue in traditional QSPE systems.*’
On the one hand, these systems still contain a certain propor-
tion of free solvent, which is prone to oxidative decomposition
under high-voltage conditions. On the other hand, irregular ion
transport across the interface causes a CEI with non-uniform
composition and poor mechanical stability to develop on the
cathode surface.*** This unstable interface fails to adapt the
continuous volume fluctuations of high-nickel cathodes during
cycling, making it difficult to completely suppress the propa-
gation of microcracks inside the particles.

Recently, the localized high-concentration electrolyte (LHCE)
strategy has provided a new research approach for interfacial
regulation.*»** By introducing an inert diluent and enhancing
Li'-anion interactions, it is possible to effectively increase the
proportion of aggregated ion pairs (AGG), reduce the activity of
the free solvent, and promote the preferential participation of
anions in interfacial reactions. Compared to traditional solvent-
dominated interfacial reactions, anion-selective decomposition
typically forms an inorganic interfacial layer rich in LiF.*
Extensive research has shown that LiF possesses a high
mechanical modulus, excellent chemical stability, and low
electronic conductivity.*® Therefore, a LiF-rich CEI can effec-
tively suppress interfacial side reactions and stabilize the
interface under high voltages.”” Furthermore, LiF-rich CEI
improves the uniformity of Li" transport at the interface and
reduces localized concentration polarization, thereby
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alleviating the accumulation of mechanical stress within the
particles.

Although previous studies have demonstrated that a LiF-rich
interphase layer can enhance the cycling stability of high-
voltage batteries, the mechanisms underlying its influence on
the evolution of microcracks in high-nickel cathode particles
remain poorly understood. In particular, within quasi-solid-
state electrolyte systems, there is currently a lack of clear
understanding regarding how the local solvation structure
regulates the chemical composition of the cathode interphase
(CEI), and how the LiF-rich CEI affects the internal stress
distribution, grain boundary stability, and crack propagation
behavior of the particles. In previous work, we achieved
a synergistic enhancement of efficient Li" transport in the
polymer electrolyte and interface stability at both the anode and
cathode by constructing a continuous and abundant anion-
dominated cluster network serving as an ion transport bridge
with fumed aluminum trioxide nanoparticles.*® While these
studies primarily focused on ion transport behavior within the
electrolyte and anode interface stability, there remains a lack of
in-depth research on how this solvation structure regulation
influences the chemical and structural evolution at the high-
nickel cathode interface.

Herein, this study demonstrates an anion-dominated, locally
high-concentration quasi-solid-state electrolyte system (QSPE-
AL) by regulating the localized solvation structure in the
quasi-solid-state electrolyte with fumed aluminum trioxide
nanoparticles. Utilizing fumed aluminum trioxide nano-
particles and polymer-confined environments as new regulatory
dimensions to achieve the synergistic design of dynamic
solvation structure modulation and stable interface construc-
tion. Using Raman spectroscopy, XPS, EPMA, and COMSOL
Multiphysics simulations, we systematically investigated the
role of anions in the Li' first coordination shell in promoting
the formation of LiF-rich CEL We further revealed the key role
of LiF-rich CEI in buffering particle volume change stress,
suppressing electrolyte penetration along grain boundaries,
and mitigating the initiation and propagation of microcracks in
high-nickel cathodes. This work provides new research insights
and a theoretical foundation for the interface design of highly
stable, high-voltage quasi-solid-state lithium-metal batteries.

Results and discussion

Fig. 1a and b schematically illustrates the correlation mecha-
nisms between solvation structures, interfacial chemistry, and
the evolution of microcracks in cathode particles under the two
electrolyte systems, QSPE and QSPE-AL. In conventional QSPE
electrolytes, the Li" ions are primarily surrounded by a CIP
structure, with limited anion coordination and a high propor-
tion of free solvent. This solvation environment leads to pref-
erential oxidative decomposition of the solvent at the cathode
interface, resulting in the formation of a CEI rich in organic
components. Because the organic CEI has low mechanical
strength and an uneven structure, it is prone to localized
cracking during high-voltage cycling. As shown in Fig. 1a, for
QSPE electrolyte, once the CEI layer breaks down, the electrolyte

© 2026 The Author(s). Published by the Royal Society of Chemistry
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continuously penetrates into the interior of the particles along
interface defects and grain boundaries, thereby triggering sus-
tained side reactions and releasing lattice oxygen. At the same
time, due to localized uneven Li" transport, distinct stress
concentration zones form within the particles, ultimately
leading to the formation and propagation of microcracks. In
contrast, in QSPE-AL, the introduction of an anion-dominated,
locally highly concentrated solvated structure significantly
increases the AGG coordination ratio, allowing anions to pref-
erentially participate in interfacial reactions and form a LiF-rich
inorganic CEI The LiF-rich CEI exhibits a higher mechanical
modulus and superior interfacial stability, enabling the
formation of a uniform and dense protective layer. As shown in
Fig. 1b, the formation of a LiF-rich CEI effectively blocks the
continuous penetration of the electrolyte and uniformly
distributes the volumetric stress generated by the high-nickel
cathode during cycling, thereby preventing localized stress
concentration. In addition, a stable CEI reduces the release of
lattice oxygen and the accumulation of side reactions, further
inhibiting the degradation of the particle internal structure.
Consequently, QSPE-AL forms a LiF-rich CEI through its anion-
dominated solvation structure. This uniform and dense CEI
facilitates uniform lithium deintercalation, promotes uniform
stress distribution, thereby suppressing microcrack propaga-
tion, and achieves excellent cycling stability in high-voltage
lithium-metal batteries.

To elucidate the tuning mechanism of the localized solvation
structure in a quasi-solid polymer electrolyte (QSPE) by fumed
aluminum trioxide nanoparticles (Al,0;), this study employed
electrostatic potential (ESP) analysis combined with Raman
peak fitting to systematically investigate the coordination
environment and ion association behavior of Li" in the system.
As shown in Fig. 1c, the structures associated with fumed
aluminum trioxide (Al,03), 1,2-dimethoxy-ethane (DME),
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether (TTE),
poly(ethylene glycol) diacrylate (PEGDA), all exhibit distinctly
different charge distribution characteristics. The ether oxygen
sites in the DME molecule form a region of significantly nega-
tive electrostatic potential, indicating that DME possesses
strong electron-donating capabilities and can form stable
coordination bonds with Li". Therefore, DME is the primary Li"
solvating molecule in the system. The ether oxygen and
carbonyl oxygen atoms in the PEGDA molecule also have high
electron density, indicating that the polymer segments can
participate in the local coordination of Li' and provide
a continuous polar channel for ion transport. In contrast, the
overall electrostatic potential distribution of the TTE molecule
is relatively uniform, with only weakly negative regions present
near individual fluorine atoms, suggesting that it is unlikely to
participate directly in Li* solvation and is more likely to act as
a non-coordinating diluent. The oxygen sites on the Al,O;
surface exhibit distinct electron-rich characteristics, indicating
that they possess Lewis base properties. These sites can interact
with Li" ions, thereby influencing the configuration and
stability of the Li" first solvation shell. The addition of fumed
Al,O; forms a stable suspension, which interacts with solvent
molecules and Li" through Lewis acid-base interactions,
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thereby acting as an interfacial solvation regulator. These
interfacial interactions disrupt the local coordination equilib-
rium of Li*, leading to a restructuring of the solvation structure.
The S-N-S stretching vibration mode of the FSI™ anion can be
observed at 700-800 cm™ ", enabling the study of changes in the
coordination state of the anion (Fig. 1d). In QSPE-AL system, the
characteristic peaks at approximately 735 cm ™', 752 em ™', and
775 cm™ " correspond to contact ion pairs (CIP), aggregated ion
pair (AGG), and higher-order aggregate structures (AGGs),
respectively. In the QSPE system, CIP peaks dominate, with
a certain proportion of AGG structures, while AGG peaks are
barely observable, indicating that Li" exists primarily in
a solvated state, with anions participating only to a limited
extent in its first coordination shell. Upon the introduction of
Al,O3, the AGG peak in the Raman spectrum of QSPE-AL was
significantly enhanced, and new AGG characteristic peaks
appeared, indicating the formation of a higher degree of anion
aggregation in the system, i.e., more FSI™ ions entered the first
solvation shell of Li". These results indicate that the introduc-
tion of Al,O; significantly weakens the dominant coordinating
role of solvent molecules toward Li* and promotes the partici-
pation of anions in the construction of the Li* local coordina-
tion environment. Analysis of the DME-related Raman
vibrational peaks further confirmed the reconstruction of the
Li" solvation structure.

In QSPE-AL, the Li-DME peak was markedly weakened
(Fig. 1e and S1b), while the peak intensities of free DME and
TTE were significantly enhanced, indicating that the introduc-
tion of Al,O; weakened DME's direct coordination ability with
Li" and promoted a shift in the system from a solvent-
dominated solvation structure to an anion-participating solva-
tion structure. Fig. S1a shows the statistical distribution of peak
area ratios for the various coordination structures of FSI". For
QSPE, the proportions of CIP, AGG, and AGGs were approxi-
mately 65%, 35%, and 0%, respectively, indicating that the
system is still dominated by traditional contact ion pair struc-
tures. In the QSPE-AL system, the CIP fraction remains at 66%,
while approximately 10% of original AGG structure has been
replaced with AGGs structure. The formation of AGGs indicates
the presence of higher order anionic aggregates in the system,
reflecting a significant enhancement in the interaction between
Li" and FSI". This anion-enriched local structure typically
exhibits characteristics similar to those of a locally high-
concentration electrolyte (LHCE), effectively reducing the
activity of free solvents and enhancing anion-dominated inter-
facial reactions. Consequently, the incorporation of Al,O; not
only improves the structural stability of the polymer electrolyte
as an inorganic filler, but also remodels the local solvation
environment of Li" through its surface Lewis acid and base
sites. This regulatory effect significantly reduces the depen-
dence of Li* on DME, promotes the entry of FSI™ into the first
coordination shell, and induces the formation of an anion-
enriched structure dominated by AGG/AGGs. This localized
high-concentration profile helps suppress side reactions
involving free solvent at the electrode interface and promotes
the preferential decomposition of FSI”™ to form a stable CEI
layer rich in LiF, thereby effectively enhancing the stability of
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QSPE-AL electrolytes.

the electrolyte/electrode interface as well as the cycling and rate
performance of battery.

To further elucidate the effect of LiF-rich CEI on the struc-
tural stability of the cathode, surface and interface analysis was
performed on the NCM622 cathode after cycling. Fig. 2
systematically reveals the composition of the CEI under
different electrolyte systems and its impact on the structural
stability of high-nickel cathodes through cross-sectional EPMA
elemental mapping, two-dimensional elemental correlation
analysis, and XPS F 1s spectra, and further elucidates the
mechanism by which LiF-rich CEI suppresses the formation of
microcracks in the cathode. Fig. 2a and b show the EPMA
elemental distribution results of the cathode particles in the
QSPE and QSPE-AL electrolyte systems after cycling, respec-
tively. In the conventional QSPE system (Fig. 2a), significant
non-uniform elemental enrichment is observed on the particle
surface, with distinct bright regions particularly visible near the
particle edges. This indicates that interfacial side reactions are
quite intense during the cycling process, leading to the
continuous accumulation of components at the interface. At the
same time, marked discontinuities in elemental distribution
appear in localized regions of the particles, suggesting that the
electrolyte has continuously penetrated into the interior of the
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particles along grain boundaries or crack regions. In particular,
the QSPE electrodes exhibit non-uniform distribution in the O-
element distribution map, indicating significant lattice oxygen
loss and transition metal migration during the cycling process
(Fig. 2a). In contrast, the elemental distribution in the QSPE-AL
system (Fig. 2b) is significantly more uniform. In particular,
oxygen forms a continuous and uniform distribution within the
particles, with no obvious regions of elemental enrichment
observed. This indicates that the LiF-rich CEI effectively
prevents the continuous penetration of the electrolyte along
grain boundaries, thereby maintaining the stability of the high-
nickel layered structure. In the QSPE system (Fig. 2c), the Ni-O
distribution exhibits distinct discretization and extends into
regions with lower O content, indicating significant lattice
oxygen loss and transition metal migration during cycling. This
oxygen loss is typically closely associated with interfacial side
reactions and structural degradation under high-voltage
conditions. As lattice oxygen continues to be released, the
stability of the layered structure decreases, making the interior
of the particles more susceptible to localized stress concentra-
tions and microcracks. In contrast, the Ni-O distribution in the
QSPE-AL system (Fig. 2d) is significantly more concentrated,
and the high-density regions are more uniform. This further

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cross-sectional electro-probe micro-analysis (EPMA) analysis of the NCM622 cathode with QSPE (a) and QSPE-AL (b). (c and d) Ni-O
binary compositional distribution diagrams of NCM622 cathode with QSPE and QSPE-AL. (e and f) Distribution map of the F component in the
NCM622 cathode with QSPE and QSPE-AL. (g and h) F 1s XPS spectra of NCM622 before and after etching with both electrolytes after 50 cycles.

indicates that the LiF-rich CEI effectively suppresses interfacial
side reactions and the release of lattice oxygen, thereby main-
taining the stability of the high-nickel layered structure. In
QSPE (Fig. 2e), distinct regions of elemental depletion and non-
uniform distribution are observed at the particle edges, indi-
cating that after localized rupture of the interfacial film, the
electrolyte continues to erode the particle surface and induce
structural degradation. At the same time, a distinct high-
intensity distribution appears in the boundary region, indi-
cating the continuous accumulation of side-reaction products.
In contrast, QSPE-AL exhibits a more continuous and uniform
interfacial layer, indicating that the LiF-rich CEI can stably exist
on the particle surface and maintain an intact interfacial
structure (Fig. 2f). This stable inorganic interface effectively
reduces direct contact between the electrolyte and the active
particles, thereby minimizing localized side reactions and
stress accumulation. Therefore, LiF-rich CEI not only enhances
the chemical stability of the interface but also slows the prop-
agation of microcracks along grain boundaries by preventing
electrolyte penetration. The F 1s XPS spectra of the cathode
surface after cycling under different systems, along with the
peak fitting results, further illustrate the differences in surface
composition. In QSPE (Fig. 2g), the F 1s spectrum consists
primarily of a strong C-F peak (~687 eV), while the LiF peak
(~685 eV) is relatively weak, indicating that the interfacial film

© 2026 The Author(s). Published by the Royal Society of Chemistry

consists mainly of organic fluorinated byproducts.” Such
organic CEIs have low mechanical strength and are prone to
fracture during high-voltage cycling. In contrast, in the QSPE-AL
electrode (Fig. 2h), the LiF peak is markedly enhanced, while
the C-F peak is significantly attenuated. The proportion of LiF
has increased significantly, indicating the formation of an
inorganic-dominated LiF-rich CEI at the interface, which
effectively buffers the mechanical stress caused by particle
volume changes during cycling. At the same time, compared to
QSPE (Fig. S2), a weaker Ni 2p signal (contributed by nickel-
containing CEI components, such as NiF,) was observed
(Fig. S3), indicating that the fluorine-rich CEI suppresses the
dissolution of transition metal, thereby maintaining structural
stability.

To evaluate the impact of the solvation structure on battery
performance, the electrochemical behavior of NCM622||Li
batteries was further tested under different electrolyte systems.
As shown in Fig. 3a, at a high loading of ~5 mg cm ™2, the QSPE-
AL battery exhibits significantly better cycling stability than
QSPE. After 300 cycles, QSPE-AL still maintains a discharge
capacity of approximately 138 mAh g~ ', with a capacity reten-
tion rate of about 88% and a coulombic efficiency that remains
stable at approximately 99.7%. This polymer electrolyte ensures
the formation of effective ionic pathways between the electrolyte
and the electrode materials. Corresponding energy-dispersive
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X-ray spectroscopy (EDS) analysis indicates that the in situ-
generated QSPE-AL exhibits good diffusion connectivity with
the cathode material (Fig. S4). In contrast, during the first 30
cycles, the capacity of the QSPE battery rapidly declined from
approximately 154.7 mAh g~ to less than 88 mAh g, accom-
panied by significant fluctuations in efficiency. This difference
primarily derives from variations in the stability of the interfa-
cial layer. In QSPE, the electrolyte undergoes continuous
oxidative decomposition at the interface, leading to the gradual
thickening and rupture of the CEI, which ultimately induces
stress concentration and microcrack propagation within the
NCM622 particles. In contrast, the LiF-rich CEI formed in QSPE-
AL possesses a higher mechanical modulus and greater chem-
ical stability, effectively buffering volume changes during
cycling. Fig. 3b further shows that the charge-discharge curves
of the QSPE-AL battery are highly consistent at cycles 1, 10, and
25, indicating minimal growth in interfacial impedance and
stable Li" transport. This suggests that the LiF-rich CEI is
capable of maintaining a complete and continuous ion trans-
port pathway. In contrast, the QSPE battery exhibited severe
abnormal charging behavior on the 25th cycle (Fig. 3c). Its

charging capacity exceeded 550 mAh g~ ' and continued to rise
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for different cycles with QSPE-AL.

in the high-voltage region, showing clear signs of overcharging.
This indicates that, due to CEI breakdown and the propagation
of microcracks in the cathode, electrolyte continuously pene-
trated into the interior of the particles, triggering violent side
reactions and parasitic oxidation processes. Rate performance
testing (Fig. 3d) further demonstrates the advantages of QSPE-
AL in terms of interfacial stability. Over the 0.1-2C range with
a loading of 2.5 mg cm 2, its capacity decreased steadily from
approximately 170 mAh g~ ' to approximately 138 mAh g '
whereas QSPE exhibited more pronounced capacity decay at
high rates. This indicates that a stable CEI can reduce interfa-
cial impedance and maintain rapid Li" transport. The results of
the long cycling tests more directly demonstrate the important
role of LiF-rich CEI in suppressing microcrack propagation.
QSPE-AL maintained a capacity of approximately 125 mAh g~ *
after more than 1000 cycles, whereas QSPE had already
degraded to approximately 127 mAh g~ " after about 550 cycles.
This indicates that a stable inorganic CEI can effectively slow
down the degradation of the internal particle structure and
interfacial instability. As shown in Fig. 3e, following QSPE
cycling, a CEI film of non-uniform thickness formed on the
electrode surface, with the thickness fluctuating around 8 nm,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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while significant localized thickening was observed. This indi-
cates that electrolyte decomposition reactions continued to
occur during the cycling process, leading to the continuous
growth of the interfacial film. In contrast, the CEI film formed
by the optimized QSPE-AL system (Fig. 3f) has a thickness of
5 nm and is uniformly distributed across the electrode surface,
demonstrating a denser and more stable interfacial structure.
The DRT analysis results are shown in Fig. 3g and corre-
sponding EIS spectra is shown in Fig. S5. During long-term
cycling with QSPE-AL, the peak intensity corresponding to Ry,
remained essentially stable, indicating that the conductivity of
the electrolyte itself changed only slightly. Only a slight increase
was observed in the Rgg; region, demonstrating that the formed
interfacial film exhibits good structural stability. No significant
enhancement was observed in the Rqr region, indicating that
the charge transfer kinetics at the electrode/electrolyte interface
are effectively maintained over long cycling periods. Combined
with the TEM results, it is evident that a uniform and thin CEI
layer helps reduce interfacial ionic transport resistance, thereby
improving the cyclic stability of the battery. Compared to QPSE
(Fig. S6), Rsgr and Rcr were significantly enhanced. Combined
with TEM results, it can be seen that side-reactions make it
difficult to form a stable interface, and ion transport is also
impeded. In conventional QSPE systems, the CEI formed on the
surface of cathode particles consists primarily of organic

© 2026 The Author(s). Published by the Royal Society of Chemistry

components, which have a low mechanical modulus and
insufficient interfacial stability. During cycling, this interfacial
layer is prone to localized cracking, leading to uneven Li"
transport and localized stress concentration.

To further elucidate the effects of improved interfacial
reaction kinetics on the cathode, COMSOL Multiphysics simu-
lations were performed. As shown in Fig. 4a, a distinct high-
response ring appears at the particle edges as cycling prog-
resses. This indicates that during delithiation, the Li* concen-
tration gradient increases rapidly, resulting in significant non-
uniform volumetric contraction within the particle, suggesting
that localized stress accumulation is beginning to occur in the
interface region. As the cycles continue, the high-response
region gradually expands from the particle surface toward the
interior, forming a gradient distribution that propagates from
the periphery toward the center. This indicates that interfacial
stress has begun to be transmitted into the particle interior,
which can easily induce localized structural distortions in the
grain boundary regions. With repeated deep cycling, distinct
localized high-stress regions appear at the edges of the parti-
cles, with significant stress concentrations forming particularly
at the intersections of transverse grain boundaries. These
regions are typically where microcracks in high-nickel cathodes
are most likely to initiate. As cycling continues, stress accu-
mulates along the grain boundaries, leading to the formation of
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through-cracks. After long-term cycling, unstable CEI leads to
localized stress concentration, which causes the cathode parti-
cles to crack and eventually fragment (Fig. S7). In contrast, the
QSPE-AL system exhibits significantly more uniform and stable
local distribution characteristics. Although a certain concen-
tration gradient still exists during the delithiation process, the
distribution of high-response regions is more uniform, and no
distinct localized sharp stress bands are observed (Fig. 4b). This
indicates that LiF-rich CEI is capable of maintaining a stable
and continuous Li* transport pathway, thereby reducing local-
ized concentration polarization. In addition, the Li-ion diffu-
sion coefficient (D) is determined by galvanostatic
intermittent titration technique (GITT). For QSPE-AL, the
conformal F-rich CEI and the tight electrode-electrolyte contact
enabled by in situ polymerization reduce the energy barrier for
Li" migration (Fig. S8). As cycling progresses, the high-response
regions are primarily concentrated on the outer layer of the
particles and exhibit a continuous, smooth gradient distribu-
tion, rather than the distinct localized concentration observed
in QSPE. This suggests that interfacial stress is uniformly
released across the entire particle surface, rather than being
concentrated at local grain boundaries. With deep cycling,
compared to the distinct localized high-stress hotspots
observed in QSPE, the stress distribution with transition metal
in the particles in QSPE-AL is smoother and more uniform
overall, with only a limited increase in response in the outer
layer. This indicates a significant improvement in the
mechanical stability of the particles and further demonstrates
the stress-buffering effect of the LiF-enriched CEIL For QSPE-AL,
the optimized interface can gradually relieve changes in
mechanical stress on the material during long-term cycling,
thereby reducing the formation of microcracks, minimizing
side reactions, and forming a stable interface. As a result,
batteries undergoing long-cycle testing in QSPE-AL have
a significantly lower impedance increase than batteries tested
according to cycle testing in QSPE (Fig. 4c). This is more clearly
demonstrated in the distribution of relaxation time (DRT),
where cells cycled in QSPE-AL have weaker contact impedance,
interfacial impedance, and charge transfer (S3 region) imped-
ance than QSPE (Fig. 4d), indicating that ionic clusters derived
with more F-rich components can enhance interfacial stability
and cycling stability.

Conclusions

In this study, by regulating the localized solvation structure in
a quasi-solid-state electrolyte, we successfully developed an
anion-dominated localized high-concentration electrolyte
system (QSPE-AL), which enabled the formation of a LiF-rich
cathode electrolyte interphase (CEI) layer on the surface of
high-nickel cathodes. Raman spectroscopy results indicate that
the anion coordination is enhanced in QSPE-AL, while the free
solvent content is markedly reduced, which may promote the
preferential participation of anions in interfacial reactions. XPS
and EPMA analyses further confirm that QSPE-AL promotes the
formation of a more uniform and denser LiF-rich inorganic CEI
on the cathode surface. Compared to traditional organic-
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dominated CEIs, the LiF-rich CEI exhibits higher mechanical
strength and interfacial stability, effectively buffering the volu-
metric strain of high-nickel cathodes during cycling, suppress-
ing continuous electrolyte penetration along grain boundaries,
and mitigating the release of lattice oxygen and interfacial side
reactions. COMSOL simulation results further reveal that the
LiF-rich CEI can uniformly disperse local stresses within the
particles, reducing concentration polarization and stress
concentration, thereby effectively suppressing the initiation and
propagation of microcracks in the cathode particles. Benefiting
from the stable, continuous ion transport channels and stable
interfaces formed by the in situ polymerized polymers and
inorganic particles, the NCM622||Li battery using the QSPE-AL
electrolyte exhibited excellent cycling stability, maintaining
a capacity retention of ~88% after 300 cycles and achieving
stable cycling for over 1000 cycles. This work reveals an inter-
facial stabilization mechanism in which an anion-dominated
solvation structure forms a LiF-rich CEI, thereby homoge-
nizing cathode stress to suppress microcracking. It provides
new insights for the interface design and longevity enhance-
ment of high-voltage quasi-solid-state lithium-metal batteries.
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