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ABSTRACT

Lithium-ion batteries are essential for modern energy storage, yet achieving simultaneous high-temperature
and high-voltage operation remains challenging due to interfacial compatibility. In this study, we introduce a
polyetherimide (PEIl)-polyimide (PI) functional coating on the separator that enhances wettability, thermal
stability, and mechanical strength, while markedly improving cathode stability under harsh conditions. By inte-
grating theoretical calculations with experimental validation, we demonstrate that the PEI/PI coating modu-
lates the solvation structure of lithium-ions, thereby facilitating the interfacial desolvation process. More impor-
tantly, the PEI/PI layer regulates electrolyte decomposition at the interface, promoting the formation of a
uniform and thermally stable cathode—electrolyte interphase. Consequently, LiCoO, cathodes exhibit
improved cycling performance at 60°C. Overall, this work underscores the pivotal role of separator coatings in
governing interfacial chemistry and provides a viable strategy for designing high-performance lithium-ion
batteries capable of enduring both high temperatures and high
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high-voltage batteries, high-temperature performance,
cathode—electrolyte interphase

separators, interfacial solvation structure,

ode-electrolyte interphase (CEI), ultimately result-
ing in accelerated capacity fade and an increased like-
lihood thermal runaway’~. To address this issue,

1 Introduction
With the widespread application of lithium-ion

batteries (LIBs) in new energy vehicles and grid
energy storage systems, challenges related to their
safety under high-temperature and high-voltage
operating conditions have become increasingly criti-
cal', Under rapid charging and discharging or
during other demanding operating scenarios, the
internal temperature of the battery can rise to levels
exceeding 60°Cl.. Such temperature elevation initi-
ates severe oxidative decomposition of the elec-
trolyte and intensifies parasitic reactions at the elec-
trode—electrolyte interface. These include transition-
metal dissolution as well as rupture and reformation
of the solid-electrolyte interphase (SEI) and the cath-

researchers have sought to enhance the interfacial
stability of high-energy-density battery systems at
elevated temperatures through electrolyte design
(e.g., localized high-concentration electrolytes'” and
electrolyte additives'!), as well as protective cathode
interface coatings!'?..

The separator is not only a passive physical barrier
that prevents internal short circuits by isolating the
anode and cathode but also an active component that
directly influences the lithium-ion transport and
interfacial electrochemical reactions during battery
operation”*'*l. Given its close contact with both elec-
trodes, the separator plays a crucial role in determin-
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ing the thermal and electrochemical stability of LIBs,
particularly at elevated temperatures. For instance,
poor electrolyte wettability and thermal shrinkage of
conventional polyolefin-based separators can acceler-
ate interfacial degradation and the formation of
lithium dendrites!*”. To overcome these issues,
researchers have developed coated separators with
improved thermal resistance and mechanical
strength using ceramic or polymer layers!s!s®),
However, existing studies have concentrated on
enhancing the thermal stability of separators,
whereas their potential to regulate interfacial chem-
istry and electrochemical performance during high-
temperature operation remains underexplored.

Moreover, various surface modification strategies
have been developed for separator coatings, such as
ceramic or polymer coatings, to enhance thermal
stability. Although these approaches have been effec-
tive in improving performance, there are still signifi-
cant limitations in terms of mechanical strength,
interfacial adhesion, and scalability of
preparation®2!. For example, despite improving the
heat resistance of the membrane, ceramic coatings
often delaminate during long-term electrolyte
immersion due to its weak interfacial bonding with
the substrate. Polymer coatings, although flexible and
chemically compatible, require complex and costly
fabrication of ultrathin layers, which hinders the
balance between performance and practicality®?..

To overcome these limitations, we designed a
gradient-functional sandwich separator in this work.
This separator consists of a low-cost, high-porosity
wet-processed polyethylene (PE) substrate, an Al,O,
interlayer that enhances interfacial bonding, and an
ultra-thin polyetherimide/polyimide (PEI/PI) outer
coating that serves as a high-temperature barrier for
suppressing electrolyte side reactions™!. Impor-
tantly, the outer coating is a blend of PEI and PI,
which combines the strong film-forming ability and
adhesion of PEI with the exceptional thermal and
mechanical stability of PI, thereby improving the
overall thermal stability of the separator®*!. This
synergistic multilayer architecture not only enhances
thermal stability but also regulates the interfacial
solvation structure through the PI coating layer,
thereby forming more stabilized CEI and SEI layers
and enabling the stable cycling in high-voltage
lithium-metal batteries at elevated temperatures!”227,
Accordingly, a trilayer polyetherimide (PE)-AlLO;-
polyetherimide/polyimide ~ (PEI/PI)  separator,
namely PAP, is designed for high-voltage and high-
temperature lithium-ion batteries. Our study high-
lights the separator’s active role in modulating inter-
facial reactions, offering a novel strategy for enhanc-
ing the high-temperature durability and safety of
LIBs.

2 Materials and methods

2.1 Experimental

The PE substrate was preheated at 60°C for 5 min,
with its thickness monitored continuously using a
thickness gauge (ScanTech Model X). A uniform
Al O; particle dispersion was coated bilaterally via
microgravure coating, followed by ultraviolet
crosslinking (365 nm) for particle immobilization.
Subsequently, a blend solution of PEI and PI (1:1
mass ratio, 8.3 wt% in N-methyl-2-pyrrolidone
[NMP]) was prepared by magnetic stirring, and the
molecular structure of PEI is shown in Fig. S1 in
Supplementary =~ Material.  The  Al,O;-coated
membrane was dip-coated with the polymer solution
and transferred to a coagulation bath (NMP/water =
40/60 in weight, 15°C) for 10 min to induce
non-solvent-induced phase separation, thereby
forming a porous polymer layer. Finally, the
membrane was rinsed sequentially in ultrapure water
baths (24°C) to remove residual NMP (<0.1 wt% by
thermogravimetry analysis), yielding a PEI/PI multi-
layer composite membrane with controllable pore
structure.

2.2 Materials characterizations

The morphology and elemental distribution of the
samples were examined using a field-emission scan-
ning electron microscope (SEM; Zeiss SUPRA-55).
Cryogenic transmission electron microscopy (Cryo-
TEM) images were obtained using a JEOL-3200FS
microscope. The CEI of LiCoO, (LCO) particles after
cycling was observed at —172°C with a cryo transfer
tomography holder (Model 2550, Fischione). The
chemical states of selected elements on the electrode
surfaces were analyzed using X-ray photoelectron
spectroscopy (XPS; Thermo Scientific Escalab
250Xi). During measurement, the analysis chamber
was maintained at a base pressure below 3.0 X
10 mbar, and all binding energies were calibrated
against the C 1s peak at 284.8 eV. Time-of-flight
secondary ion mass spectrometry (TOF-SIMS) was
conducted using a Nano TOF II instrument (ULVAC-
PHI, Japan) with a Bi** primary ion beam (30 kV) for
analysis and an Ar* sputtering beam (3 keV, 100 nA)
at a sputtering rate of 0.1 nm s to obtain depth
profiles. Fourier-transform infrared (FTIR) spec-
troscopy was conducted using a Nicolet iS50 spec-
trophotometer, with the KBr pellet method. Raman
spectra of the materials were collected using a minia-
ture laser confocal Raman spectrometer (Horiba
LabRAM HR800, France) with a 633 nm wavelength
laser at room temperature. The powder X-ray diffrac-
tion (XRD) and in situ XRD measurements were
conducted on a Bruker D8 Advance diffractometer
with a Cu-Ka radiation source. Contact angle
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measurements were conducted using an OCA 25
instrument (DataPhysics Instruments) to character-
ize the wettability of the separators and electrodes.

2.3 Electrochemical measurement

The cathode was prepared by blending LCO
(80 wt%) with a conductive additive (acetylene black,
10 wt%) and polyvinylidene fluoride (PVDEF; 10 wt%)
binder in NMP to form a homogeneous slurry. This
mixture was cast uniformly onto an aluminum foil
current collector and dried under vacuum at 120°C
for 12 h to ensure complete solvent removal. The
mass loadings of active materials on the cathode were
~2.2 mg cm™ Throughout this study, all coin cells
were assembled in CR2032 configuration inside an
argon-filled glovebox, employing lithium metal
(anode), LCO (cathode), separator, and commercial
electrolyte. The electrolyte was purchased from
Guangzhou Tinci Materials Technology Co., Ltd
(China). The assembled coin cells were subsequently
assessed using a NEWARE battery test system under
controlled temperatures of 25°C or 60°C. Electro-
chemical cycling of the LCO||Li cells was performed
at 0.5 C (1 C =210 mAh g") for the initial five cycles.
Electrochemical impedance spectroscopy (EIS)
measurements were carried out on a Solartron
Analytical 1470E workstation over a frequency range
of 1000 kHz-0.1 Hz with an alternating current
perturbation amplitude of 10 mV.

2.4 Computation details

To investigate the interfacial properties and adsorp-
tion behavior, first-principles calculations based on
density functional theory (DFT) were performed
using the Vienna Ab initio Simulation Package
(VASP v6.4.2)-, The exchange-correlation inter-
actions were described by the generalized gradient
approximation in the Perdew-Burke-Ernzerhof
formulation®. The interactions between ions and
valence electrons were modeled with the projector
augmented wave method®”, and the pseudopoten-
tials were generated using VASPKIT®. A kinetic
energy cutoff of 520 eV was applied to the plane-
wave basis. The partial occupancies of the
Kohn-Sham orbitals were determined using Gaus-
sian smearing with a width of 0.02 eV. Spin polariza-
tion was applied to all calculations. All geometry
optimizations were conducted at fixed lattice param-
eters with the conjugate-gradient algorithm, converg-
ing when forces dropped below 0.02 eV/A. The elec-
tronic self-consistent field calculations converged at
10~ eV. All calculations were conducted at 333 K.
The Brillouin zone was sampled with a 1 x 1 x 1
Monkhorst-Pack k-point mesh, appropriate for
surface and low-dimensional models. To account for
van der Waals interactions, the Grimme DFT-D3
dispersion correction scheme was employed®!. All

3

symmetry operations were turned off to prevent
symmetry artifacts during adsorption modeling. The
electrostatic potential distribution was extracted
using the LOCPOT file. Structural and adsorption
configurations were analyzed and visualized with
VESTA®,

3 Results and discussion

3.1 Characterization of PEI/PI coated

membrane

The schematic of the PAP membrane preparation
process is presented in Fig. la. The PAP membrane
preparation consists of sequential steps: unwinding
PE substrate membrane, applying AlL,O; coating,
ultraviolet cross-linking to immobilize particles,
immersing the coated film in a coagulation bath,
drying, and finally winding into the finished
membrane. Critically, this fabrication strategy
employs industry-compatible methods, namely,
micro-gravure coating and non-solvent-induced
phase separation, providing a practical pathway for
large-scale production with minimal process. A full-
scale roll of the PAP separator demonstrating indus-
trial-scale production is displayed in Fig. S2 in
Supplementary Material.

From the inside out, the as-prepared membrane
consists of three main layers (Fig. 1b). The outer
layer, composed of a PEI/PI blend, provides high
mechanical strength and chemical stability, effec-
tively resisting degradation under elevated tempera-
tures and high-voltage operation. The interlayer
comprises a 1.5 pm-thick Al,O; coating cross-linked
by ultraviolet irradiation, which improves electrolyte
affinity and reinforces the structural integrity of the
membrane. The inner layer is a 7 um PE substrate
with a microporous framework that facilitates effi-
cient lithium-ion transport. The cross-sectional SEM
image of the membrane (Fig. 1d) corroborates this
trilayer PE-Al,O;-PEI/PI structure. To investigate the
chemical composition of the PAP membrane, ex situ
FTIR spectroscopy was conducted (Fig. 1c and Table
S1 in Supplementary Material). In the 1730 cm™
region, the PAP membrane exhibited a distinct C=0
stretching vibration peak, confirming the presence of
imide groups and suggesting enhanced polarity®. In
addition, the C-N stretching vibration peak at
1200-1350 cm™ further verified the presence of
amide linkages. A C=C stretching vibration peak
(~1600 cm™) was also, indicating aromatic moieties
in the polymer backbone. For comparison, the
Celgard 2500 membrane (denoted as CG) was used
as a control, and its cross-sectional SEM image is
provided in Fig. S3 in Supplementary Material. As a
corroborative experiment, XPS (Fig. S4 in Supple-
mentary Material) confirmed the presence of imide
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Figure1 (a) The schematic of the PAP membrane preparation process. (b) The schematic of structure of the PAP membrane. (c) Ex
situ FTIR spectra of the PAP membrane and CG membrane. (d) Cross-sectional SEM images of the PAP membrane. (e) The TOF-SIMS
three-dimensional distributions of the pristine PAP membrane for C,H,NO-, C;HNO-, and C;H,NO," fragments.

bonds (N-C=0) via a characteristic N 1s peak at
400.0 eV®, In the C 1s spectra, binding energies at
~286.2 ¢V (C-C/C-H and C-O/C-N) and 288.4 ¢V
(N-C=0) further confirmed imide formation on the
membrane surface. The O 1s spectra displayed peaks
at 532.0 eV (C=0) and 533.3 eV (C-0), consistent
with the presence of both imide and ether bonds.
Additionally, a distinct Al 2p peak at 74.5 eV verified
the successful incorporation of Al,O; particles.

In addition to chemical composition of the coat-
ing layer, the spatial distribution of its components
strongly influences the properties of the separator.
TOF-SIMS (Fig. le) was employed to probe the
spatial distribution of the coating components in the
PAP membrane. High-molecular-weight fragments
(e.g., C;H,NO-) were primarily localized near the
membrane surface®. As the molecular weight of the
detected fragments decreased, their penetration
depth progressively increased, indicating the pres-
ence of a molecular-weight gradient within the coat-

ing. Specifically, the surface layer was enriched in
higher molecular weight PEI/PI species, while lower
molecular weight components were more prevalent
in the interior. This distribution further confirms
that the improved electrolyte wettability and
enhanced ion diffusion in the PAP membrane origi-
nate from the surface-localized PEI/PI coating.

In order to systematically assess the structural
features and electrochemical performance of the
composite membrane, we first measured its wettabil-
ity with a carbonate-based electrolyte (56.34 wt%
ethyl methyl carbonate [EMC], 29.74 wt% fluo-
roethylene carbonate [FEC], 0.42 wt% diethyl
carbonate, and 13.5 wt% LiPF,) and compared it with
that of the commercial CG membrane (Fig. 2a). The
CG membrane exhibits a contact angle of 68.7°,
whereas the PAP membrane displayed a markedly
lower value of 16.8°, demonstrating its superior elec-
trolyte wettability. Moreover, the electrolyte droplets
spread more rapidly and uniformly on the PAP

4
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Figure 2 Physical characterization of the membranes. (a) Contact angles of electrolyte (left) and electrolyte spreading tests (right) on
the surface of the PAP membrane and CG membrane. CA, contact angle; A, the spreading area of electrolyte droplets. (b) Stress-strain
curves of the PAP membrane and the CG membrane. (c) Thermal shrinkage test of the PAP membrane and CG membrane.

membrane, producing a diffusion area of 33.6 mm?,
compared to only 4.09 mm? for the CG membrane.
The significant difference indicates that the PAP
membrane possesses a much stronger affinity toward
the electrolyte. Next, FTIR spectroscopy was
conducted to study the interaction between the sepa-
rator and the electrolyte (Fig. S5 in Supplementary
Material). For the membranes soaked in electrolyte, a
blue shift of the PAP membrane absorption peaks
was observed in the 830-850 cm™ region, suggesting
that the characteristic peaks of the P-F vibration
were altered by stronger coordination between the
PAP membrane and the electrolyte components!*®.
The stress-strain curves (Fig. 2b) of the PAP
membrane and the CG membrane confirm that the
PAP membrane exhibited a markedly higher tensile
strength, reaching a maximum stress of ~203 MPa.
This result indicates that the multilayer composite
architecture of the PAP membrane enhances both its
tensile strength and deformation resistance, thereby
enabling the membrane to maintain structural
integrity during extended battery cycling. The results
of the thermal shrinkage tests (Fig. 2c) demonstrated
pronounced morphological differences between the

5

PAP and CG membranes when subjected to elevated
temperatures of 170°C and 190°C21. At 170°C, the
PAP membrane exhibited a slight shrinkage, while
the CG membrane underwent substantial shrinkage
accompanied by partial melting of the polymer
matrix. By 190°C, the morphology of the PAP
membrane was almost identical to that at 170°C,
further confirming its superior thermal stability. In
contrast, the CG membrane was fully melted at
190°C, with no discernible morphology remaining,
thereby highlighting its markedly inferior thermal
stability compared to the PAP membrane.

The lithium-ion transference number (#;,,) serves
as a key metric for assessing Li* migration efficiency
in electrolytes, directly influencing charge-discharge
kinetics and long-term cycling stability®®*. The test
results in Fig. S6 in Supplementary Material indi-
cated that the #;;, of the PAP separator reached 0.540,
exceeding that of the CG separator (0.343). This indi-
cates that the PAP separator facilitates more efficient
Li* transport across the electrolyte-separator inter-
face. Its gradient-functionalized structure (such as
the polar groups in the PEI/PI outer layer) modu-
lates the interfacial solvation environment, thereby

£

(@ 7% 7 | Sci@pen

nghua University Pr



Research Article

https://doi.org/10.26599/EMD.2025.9370077

lowering the resistance to Li* migration and ensuring
stable cycling performance of high-voltage lithium
metal batteries under elevated-temperature condi-
tions.

3.2 Regulation of interfacial reactions

To further elucidate the mechanisms governing
interfacial regulation in the PAP membrane, first-
principles calculations based on DFT were
performed®’. The influence of the PAP and CG on
Li* migration was analyzed in terms of four parame-
ters: electrostatic potential distribution, adsorption
behavior, desolvation energy, and diffusion dynam-
ics. The PEI and polypropylene (PP) were consid-
ered as the representative surface components of the
PAP membrane and the CG membrane, respectively.
The electrostatic potential distribution (Fig. 3a)
revealed distinct negative-potential regions at the
C=0 functional groups of PEI. These regions,
elevated electrostatic potential values, exerted strong
attraction toward positively charged species (e.g.,
Li*), thereby promoting Li* enrichment at the
membrane surface and enabling the formation of
initial migration pathways. Conversely, PP exhibited
a relatively uniform electrostatic potential distribu-
tion, lacking such localized negative potential clus-
ters capable of anchoring Li*, thereby exhibiting
limited Li* adsorption capacity. Furthermore, as

shown in Fig. S7 in Supplementary Material, the
adsorption energy of Li* on PEI was —2.19 eV, signifi-
cantly lower than that on PP (-0.04 eV). This
enhanced binding arises primarily from the abun-
dant polar carbonyl (C=0) functional groups on the
PEI chain, which act as electron-accepting sites,
thereby stabilizing Li* adsorption at the interface. In
contrast, the molecular chain of PP was non-polar
and lacked functional groups and thus failed to
provide stable adsorption sites, resulting in weaker
Li* affinity.

The interfacial migration of Li involves a desolva-
tion process. To further evaluate how PEI and PP
regulate solvation-structure dissociation during Li*
migration, we calculated the desolvation energies of
Li*~4EMC and Li*—~4FEC complexes on their surfaces
(Fig. 3b and Fig. S8 in Supplementary Material). The
desolvation energies of Li*~4EMC and Li*-4FEC on
the PEI surface were —0.71 and -0.83 eV, respec-
tively, demonstrating a strong thermodynamic driv-
ing force for spontaneous desolvation. In contrast,
the PP surface exhibited substantially higher desolva-
tion energies, with values of +0.24 eV for Li*~4EMC
and +1.55 eV for Li*-4FEC. This finding further vali-
dates that PEI synergistically promotes interfacial Li*
desolvation complementing its strong adsorption
affinity and enhanced diffusion capacity. Next, we
calculated the diffusion coefficients of Li* on both
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Figure 3 The influence of separators on electrolyte interfacial behaviors. (a) Electrostatic potential of PP and PEI molecular chain.
(b) Calculated desolvation energy of Li* for EMC in the PAP and CG. (c) Diffusion coefficient of Li* for the PAP and CG. Comparison of
in situ FTIR spectra with LCO under 4.6 V by the PAP separator (d) and the CG separator (e).
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surfaces based on the adsorption-induced ionic
distribution (Fig. 3¢). The diffusion coefficient on the
PAP membrane surface was 2.35 x 10 cm? s7,
markedly exceeding that of the CG membrane
surface (1.91 x 10 cm? s). These findings reveal
that the strong coordinative adsorption of Li* on the
PEI facilitates partial desolvation, effectively remov-
ing solvent molecules (e.g., EMC/FEC). This reduc-
tion in solvation-sheath size decreases the apparent
ionic radius and diffusion barrier, thereby enabling
higher interfacial migration flux and more efficient
Li* transport™.

In situ FTIR was employed to monitor separator-
induced solvation behavior during LCO||Li battery
cycling, offering direct insights into electrolyte stabil-
ity and interfacial reactions. As shown in Figs. 3d and
3e, in the 840-850 cm™ region, the PAP separator
facilitated rapid conversion of POF; (P-F bending
vibration peak) to inorganic CEI", consistent with its
lower desolvation energy®. In contrast, the CG sepa-
rator showed delayed POF; conversion owing to its
higher desolvation energy. This resulted in persistent
decomposition of interfacial organic species, as
evidenced by pronounced attenuation of characteris-
tic peaks in the 1000-1300 cm™ region, including the
C-F vibrational peak at 1000 cm™!, the C-O-C vibra-
tional peak at 1100 cm™, and the C-O-C vibrational
peak at 1260-1300 cm™'>*. The PAP separator,
however, maintained stable peak intensities, confirm-
ing its ability to suppress solvent decomposition and
preserve interfacial stability by accelerating
favorable electrochemical processes. Additionally, at
~2350 cm™! (the peak of released CO,), the PAP sepa-
rator displayed a narrower and less intense signal
than the CG separator, indicating mitigated CO,
generation from solvent decomposition.

In situ EIS (Fig. S9 in Supplementary Material)
demonstrated that the PAP separator facilitated rapid
interfacial passivation in the initial cycle. The charge
transfer impedance (R.,) of the PAP separator
showed minimal variation, while Rgjcp remained
stable, confirming a better interfacial stability. In
contrast, the CG separator exhibited pronounced
impedance fluctuations during the charging process.
In particular, at 4.6 V, the R, of the CG separator
increased significantly, and the Rggycg; continued to
rise during discharge, indicating instability of the CEI
layer and progressive degradation of battery perfor-
mance.

3.3 Electrochemical performance at elevated
temperature

At an elevated temperature of 60°C, a clear diver-
gence in cycling stability emerged between PAP and
CG (Fig. 4a). The cell with the PAP separator
retained 168 mAh g after 200 cycles (68.9% capac-
ity retention) with a high average Coulombic effi-

7

ciency of 99.4%. By contrast, declined significantly
within several tens of cycles, accompanied by a grad-
ual loss in Coulombic efficiency. The cycling perfor-
mance of LCO||Li half-cells constructed with differ-
ent separators was initially assessed at 25°C (Fig.4b).
The cells assembled with the PAP and CG separators
showed comparable initial specific capacities
(~200 mAh g') and nearly identical cycling stability
for 250 cycles. The voltage profiles of LCO||Li half-
cells assembled with the PAP (Fig. 4c) and CG (Fig.
4d) under 60°C highlighted the separator-dependent
differences in interfacial stability and Li* transport
kinetics. For the cell with the PAP separator, the
charge-discharge voltage plateaus remained stable,
reflecting effective interfacial modulation and the
formation of a robust CEI capable of withstanding
high voltage and temperature. In contrast, the cell
with the CG separator showed pronounced voltage
polarization after 50 cycles, particularly in the 4.4-
4.6 V region, indicating aggravated interfacial side
reactions from CEI instability that elevated charge-
transfer impedance and hindered Li* transport. To
directly visualize the mechanical stability of the sepa-
rator coatings under extreme cycling conditions,
SEM characterization was conducted after 100 cycles
at 60°C and 4.6 V (Fig. S10 in Supplementary Mate-
rial). The CG separator displayed severe cracking and
structural damage, confirming mechanical degrada-
tion. In contrast, the PAP separator retained excel-
lent structural integrity, with no visible cracks or
delamination in the PEI/PI coating, demonstrating
superior mechanical and electrochemical stability
consistent with the sustained cycling performance in
Fig. 4b.

To exclude the influence of the Li anode on cycling
stability, Li||Li symmetric cells with both separators
were assembled and assessed (Fig. S11 in Supplemen-
tary Material). Experimental results showed that at
25°C, both separators maintained comparable cycling
stability for over 800 h. However, the PAP displayed
a lower overpotential due to its superior Li* conduc-
tivity. The impact of separators on rate capability was
further evaluated at various C-rates (Fig. S12 in
Supplementary Material). At low rate (0.2 C),
both cells delivered nearly identical specific capaci-
ties. However, as the rate increases beyond 1 C,
the PAP membrane demonstrated higher capacity.
At 5 C, the cell assembled with PAP retained
150 mAh g, whereas the CG-based cell delivered
only 124 mAh g. The excellent rate performance of
the PAP is attributed to its enhanced lithium-ion
transport capability.

Ex situ Raman spectroscopy was used to analyze
the structural evolution of LCO cathodes after long-
term cycling. For LCO cycled with the PAP separa-
tor (Fig. 4e), the Raman spectra showed well-
preserved characteristic peaks associated with the
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layered LCO structure. The intense peaks at ~480
and ~590 cm™!, corresponding to the E, (Co-0O in-
plane stretching) and A;; (Co-O out-of-plane
stretching) modes of the hexagonal a-NaFeO, struc-
ture, retained high intensity with minimal shifts rela-
tive to pristine LCO". In contrast, the Raman spec-
tra of LCO cycled with the CG (Fig. 4f) displayed
marked peak broadening and reduced intensity at
~480 and ~590 cm™!, along with the emergence of a
broad ~650 cm™ peak characteristic of the spinel
phase (Fd-3m symmetry)®!. This confirmed a
substantial layered-to-spinel phase transition in LCO,
driven by uncontrolled interfacial reactions. The
spinel phase possesses lower Li* diffusion kinetics
and reduced capacity, accounting for the rapid capac-
ity decay observed in Fig. 4b.

To probe bulk structural evolution, ex situ XRD
was performed for long-term cycled LCO electrodes
(Fig. S13 in Supplementary Material). With the CG
separator, the (003) peak of LCO shifted markedly to
lower angles, indicating expansion of the c-lattice
parameter due to  irreversible  structural
transitions*>#!. In contrast, the LCO electrode paired

with the PAP separator exhibited a much smaller
peak shift, confirming that the robust, inorganic-rich
CEI promoted by PAP effectively suppresses para-
sitic reactions, limits lattice distortion, and improves
LCO structural stability during high-voltage cycling.

A comparison with recent literature on advanced
separators (summarized in Table S2 in Supplemen-
tary Material) underscores the outstanding perfor-
mance of the PAP separator. Unlike most modified
separators that maintain stability mainly under low-
voltage  operation and room  temperature
conditions!"**#, the PAP separator achieves superior
long-term cycling stability of high-voltage LCO at
60°C, even without electrolyte optimization.

To further validate the practical viability of
the PAP separator, an LCO||Graphite pouch cell
(~1.8 Ah) was fabricated and cycled at 4.45 V and
45°C. As illustrated in Fig. 4f, the cell equipped
with the PAP separator delivered an initial
discharge capacity of 1813 mAh and retained 91.3%
(1628 mAh) after 400 cycles, corresponding to a
capacity fade rate of 0.022% per cycle. The stable
cycling performance confirms that the PAP separa-
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tor stabilizes the CEI even in commercial-scale pouch
cells, underscoring its strong potential for next-
generation high-energy batteries designed to operate
reliably under harsh conditions.

3.4 Characterizations of CEI

To elucidate the influence of the CEI on the interfa-
cial stability of LCO, XPS analysis was conducted to
examine its chemical composition. As shown in the C
Is spectra (Figs. 5a and 5d), the PAP separator,
compared with the CG, yields reduced intensities of
C=0 (~288.4 eV), O-C=0 (~289.0 eV), and C-O
peaks (~286.2 eV) reflecting suppressed solvent
decomposition. These organic byproducts, unlike
inorganic species, readily dissolve into the electrolyte
at elevated temperatures, triggering ongoing side
reactions. Therefore, the CEI induced by the PAP
separator exhibits superior thermal stability. Addi-
tionally, in the F 1s spectra (Figs. 5b and 5e), both
separators show a LiF signal at ~684.5 eV,
Compared to the CG group, the PAP separator

sample exhibits a stronger peak corresponding to
Li,PO,F,/PFs complexes, suggesting enhanced LiPFg
degradation into anion-derived species that
strengthen the CEI and improve its endurance under
elevated temperatures.

Cryo-TEM images (Figs. 5g and 5i) further reveal
the structural differences between CEIs formed using
the two separators. The PAP group shows a thin,
uniform CEI that closely conforms to the LCO
surface, with a well-defined boundary, indicating a
self-limiting, compositionally regulated interphase,
consistent with the in situ EIS results (Fig. S8 in
Supplementary Material). In contrast, the CG group
develops a substantially thicker CEI, reflecting
uncontrolled buildup of decomposition products.

The uniform distribution of inorganic fragments
(e.g., Li,F;~ and LiPO;*) indicates the formation of a
hybrid CEI, where a robust LiF-rich framework
ensures thermal and mechanical stability, while
Li,PO,F, species provide chemical resistance against
hydrofluoric acid corrosion, collectively sustaining
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dimensional distributions of cycled LCO by the PAP separator (h) and the CG separator (j) for C,H,0,, LiPO;* and Li,F;- fragments.
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interfacial integrity under elevated-temperature
conditions®*l. As shown in Fig. 5h, the PAP exhibits
localized yet moderate organic signals, reflecting
controlled solvent decomposition, alongside uniform
and dense inorganic fragment distributions consis-
tent with efficient LiPF; decomposition into stable
inorganic components. Conversely, the CG exhibits
heterogeneous and intense organic distributions—
indicative of rampant solvent degradation—together
with sparse, clustered inorganic signals, suggesting
incomplete inorganic phase formation (Fig. 5j).
These results highlight that the PAP separator lever-
ages its PEI/PI-induced interfacial solvation struc-
ture. By optimizing ion-solvent interactions, it
promotes the formation of a thin, inorganic-rich CEI
that guides controlled electrolyte decomposition
toward inorganic species (e.g., Li,F;~ and LiPO;>),
while simultaneously suppressing excessive organic
byproduct accumulation. This results in a precisely
regulated CEI with superior thermal stability, which
is critical for sustaining high-voltage battery opera-
tion at elevated temperatures.

4 Conclusion

In this work, we designed a gradient-functionalized
PAP separator with a PEI/PI outer coating, demon-
strating an effective strategy to regulate interfacial
solvation structures and enhance the performance of
high-voltage LIBs at elevated temperatures. The
PEI/PI coating, featuring strong polar interactions
via C=0 and C-N groups, interacts with Li* to
weaken its solvation sheath, lower the desolvation
energy, and accelerate Li* transport across the inter-
face. The PEI/PI layer not only enhances the separa-
tor’s wettability, thermal stability, and mechanical
strength but also directs controlled electrolyte
decomposition, producing a homogeneous, inorganic-
rich, and thermally stable CEI on the LCO surface.
Consequently, the LCO||Li battery with the PAP
separator delivers markedly enhanced long-term
cycling performance, with an average Coulombic
efficiency of 99.4% after 200 cycles under 4.6 V and
60°C. The key findings highlight that regulating the
interfacial solvation structure via separator coating
represents a crucial pathway to achieving high-
performance high-voltage LIBs, offering design prin-
ciples for future development. While this study
confirms the effectiveness of the PEI/PI coating in
stabilizing high-voltage LCO cells, potential long-
term issues such as PEI degradation, mechanical
fatigue, or delamination under extended cycling
remain challenges that require further investigation.
For instance, improving the coating’s resistance to
interfacial byproducts, such as by incorporating func-
tional additives or dopants, offers a promising strat-
egy to extend its effectiveness in regulating the inter-
facial chemistry and thereby further advance the

longevity of high-voltage batteries.
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