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ARTICLE INFO ABSTRACT
Keywords: Ni-rich LiNi,CoyMnj x.;O2 (NCM) materials are key cathode active materials for achieving high energy densities
Lithium-ion battery in lithium-ion batteries (LIBs). However, their practical applications are hindered by interfacial and structural

Ni-rich cathode

Impurity scavenger

Functional separator
High-temperature performance

instabilities such as microcracking, transition metal dissolution, and oxidative decomposition of the electrolyte at
the cathode surface, which cause an increase in cell resistance and performance degradation. These problems are
exacerbated by the parasitic reactions of impurities, such as HoO, HF, and transition metals during cycling. In this
study, we fabricate a grafted polyacrylonitrile membrane containing zeolite (GPANZ) as a multi-scavenging
functional separator to improve LIB cycling performance. GPANZ consists of HyO- and HF-removing func-
tional zeolite and a transition-metal-chelate functional polyethyleneimine, thus effectively capturing various
impurities in the cell. Therefore, the GPANZ separator can mitigate electrode and electrolyte degradation by
suppressing the deleterious effects of impurities. The graphite/LiNip gCo 1Mng 103 cell with the GPANZ sepa-
rator exhibits superior cycling performance in terms of discharge capacity, cycle life, and rate performance,
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especially at high temperatures. Our work highlights the necessity of removing impurities to ensure battery
performance and provides new insights for designing functional separators for LIBs.

1. Introduction

Lithium-ion batteries (LIBs) have become an indispensable part of
sustainable energy storage devices in electric vehicles and other storage
systems, owing to their long life and high energy density [1-3]. Ni-rich
LiNiyCoyMn1 x.yO2 (NCM) cathodes with high specific capacities and
operating voltages have emerged as key components of high energy
density LIBs. However, these Ni-rich NCM materials suffer from elec-
trolyte decomposition at the cathode surface owing to the highly reac-
tive Ni*t, intergranular cracking, and structural deterioration, such as
the formation of inactive rock-salt phases and cation mixing [4-9].
These deteriorations are accelerated in LiPFg-based electrolytes and are
prone to generating highly corrosive HF by LiPFg hydrolysis. Corrosive
HF etches the cathode surface, damaging the cathode-electrolyte
interphase (CEI) and dissolving the transition metal (TM), leading to
battery performance degradation [10-12]. The dissolved TM is shuttled
and reduced on the anode surface, causing solid electrolyte interphase
(SEI) destruction and electrolyte reduction, thus promoting the forma-
tion of a resistive SEI that hinders Li" intercalation into the graphite
anode [13-15].

To address these issues, removing impurities (H20, HF, and TM)
from the electrolyte is key to achieving high battery performance.
Several efforts have been made to capture impurities through chemical
and physical interactions. Electrolyte additives containing Lewis basic
sites, such as phosphite, amino silane (Si-N), and isocyanate moieties,
have been employed to chemically scavenge H2O [16-18]. Xu et al. used
a dicyano-functionalized additive as a moisture scavenger to enhance
the thermal and cycling stabilities of graphite/NCM cells [19]. Addi-
tionally, HF can be scavenged by complexation with additives that
impart basic electron-donating groups, such as trimethylsilyl, phosphite,
Si-O, and Si-N [20-22]. Kim et al. reported improved cycle life and
structural stability for graphite/NCM cell by the addition of 3-(trime-
thylsilyl)-2-oxazolidinone [23]. The use of porous materials such as
zeolites and metal-oxide frameworks (MOFs) was also considered a
promising strategy for capturing HO and HF [24-26]. These materials
exhibit porous structures with abundant absorption sites and high H,O
absorption capabilities. HF can be removed via chemical reactions with
the zeolite skeleton or through functional groups on the MOF surface
[27,28]. Additionally, TM trapping using metal-chelating groups based
on nitrogen compounds, such as amines, imines, and edetates, has been
conducted [29,30]. These groups generally possess non-bonded lone
pair electrons on nitrogen atoms that can coordinate bonds with target
metal ions, enabling effective capture of TMs [31]. As a further strategy,
recent research has focused on incorporating functional materials into
the separator to suppress electrode degradation and mitigate cross-talk
effects originating from the counter electrode [32]. However, research
on the simultaneous scavenging of multiple types of impurities is
limited.

In this study, we present a grafted polyacrylonitrile membrane
containing zeolite (GPANZ) as a multi-scavenging functional separator
to scavenge impurities and mitigate LIB degradation. GPANZ was
fabricated by electrospinning a zeolite-containing polyacrylonitrile and
grafting a polyethyleneimine (PEI) moiety onto the membrane. Zeolite
can scavenge HO and HF, and the -NHjy groups in PEI can absorb TM.
Thus, the GPANZ membrane could effectively prevent electrode and
electrolyte deterioration induced by impurities, thereby enhancing the
cycling stability of LIBs. The unique properties of GPANZ for capturing
impurities were characterized using nuclear magnetic resonance (NMR)
spectroscopy, Karl Fischer titration, inductively coupled plasma-mass
spectrometry (ICP-MS), and X-ray photoelectron spectroscopy (XPS). A
graphite/LiNip gCop.1Mng 102 (NCM811) cell assembled with a GPANZ

separator improved cycling performance by alleviating the adverse ef-
fects of impurity-driven cell failure, especially at elevated temperatures.
The enhanced cycling characteristics and structural stability of the cell
employing GPANZ separator were investigated using electrochemical
impedance spectroscopy (EIS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and time-of-flight secondary
ion mass spectrometry (TOF-SIMS).

2. Experimental section
2.1. Materials

PAN (Mw = 150,000), branched-polyethyleneimine (b-PEIL, Mw =
25,000), N,N-dimethylformamide (DMF), and ethylene glycol were
purchased from Sigma-Aldrich and used as received. Zeolite (ZSM-5)
was obtained from Acros Organics and used without further treatment.
A polyethylene (PE) separator (ND420, Ashai) with a thickness of 20 pm
was used after vacuum drying at 60 °C for 12 h. A liquid electrolyte
containing 1.15 M lithium hexafluorophosphate (LiPF¢) in a mixed so-
lution of ethylene carbonate, ethyl methyl carbonate, and diethyl car-
bonate (3:5:2 v/v) with 5.0 wt% fluoroethylene carbonate was kindly
supplied by Dongwha Electrolyte Co. Ltd.

2.2. Preparation of GPANZ

The GPANZ separator was prepared via electrospinning and grafting.
PAN membrane with zeolites (PANZ) was prepared by electrospinning.
PAN (10 wt%) was dissolved in DMF and agitated at 60 °C for 8 h. After
cooling the solution to room temperature, 2 wt% zeolite was added to
the polymer solution and ball milled for 12 h. The mixed solution was
then loaded into a plastic syringe with a 21-gauge needle, and a tip-to-
collector distance of 15 cm was maintained. A high voltage of 17 kV was
applied with a feed rate of 1.0 mL h™! for 40 min. The obtained PANZ
was peeled from the collector and vacuum dried at 80 °C for 12 h to
remove any remaining DMF. To fabricate GPANZ, 60 mg of the elec-
trospun PANZ membrane was added to 50 mL of a mixture of b-PEI and
ethylene glycol (10 mg b-PEI per 1 mL ethylene glycol). The reaction
mixture was refluxed with vigorous stirring at 140 °C for 4 h. When the
reaction was complete, the obtained GPANZ was filtered, sequentially
washed with deionized water and ethanol several times, and then vac-
uum dried for 12 h at 80 °C.

2.3. Lithium-ion cell assembly

The NCM811 cathode was coated onto an aluminum current col-
lector with a slurry composed of NCM811 (Umicore), poly(vinylidene
fluoride) (PVdF, Solvay), and Super P (TIMCAL) with a mass ratio of
95:3:2. A graphite anode was fabricated by casting a slurry containing
graphite (BTR), PVdF, and Super P (91:8:1 by mass) onto a copper foil.
In the cathode, the mass loading was measured to be 14.0 mg cm™2,
corresponding to an areal capacity of 2.8 mAh cm~2. Meanwhile, the
graphite anode showed a mass loading of 9.8 mg cm ™2 with an areal
capacity of 3.3 mAh cm™2. The 2032-type coin cells were assembled
with a graphite anode, different separators (PE, PANZ, GPANZ), 50 pL of
liquid electrolyte, and an NCM811 cathode. All cells were fabricated in a
high-purity Ar-filled glovebox with H,O and O, concentrations of <1.0

ppm.
2.4. Electrochemical measurements

Ionic conductivities at different temperatures were measured using
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EIS in the frequency range of 10 Hz to 1 MHz (CHI660d, CH In-
struments). The transference number of lithium ions (t;;;) was measured
in a symmetrical lithium cell using AC impedance and DC polarization
[33]. The graphite/NCM811 cell was galvanostatically cycled using a
battery tester (WBCS3000, WonATech) in the voltage range of 2.5-4.3 V
at 25 and 55 °C. Before cycling, two preconditioning cycles were per-
formed at a 0.1 C rate. The cell was then subjected to galvanostatic
charge and discharge cycles at a current density of 1.0 C. After the
constant-current charging step in each cycle, constant-voltage charging
was performed until the current reached 0.05 C. Cell rate performance
was evaluated by charging the cell at the same current rate (0.2 C) and
discharging it at different current rates. EIS of the cell during cycling was
performed using an electrochemical workstation (CHI660d, CH In-
struments) in the frequency range of 1 mHz-1 MHz at an amplitude of 5
mV.

2.5. Characterization

Separator and electrode morphologies were examined by field-
emission scanning electron microscopy (FE-SEM; Verios G4UC, FEI).
Fourier-transform infrared (FTIR) spectroscopy was conducted to
confirm the chemical composition of materials using a Nicolet iS50
spectrometer in the wavenumber range of 400-4000 cm™!. Thermal
shrinkage of the separator was determined from dimensional changes
after keeping the separator at different temperatures for 1 h. The contact
angle between the electrolyte droplet and the separator was measured
using a contact angle analyzer (Pheonix300, SEO). The porosity of
membrane was measured using n-butanol impregnation [34]. To
investigate the HF scavenging ability of the separator, electrolytes were
treated with 300 ppm water and different separators, and stored at 55 °C
for 3 days. Subsequently, the 1°F NMR spectra (VNMRS 600 MHz, Agi-
lent Technologies) were recorded. Hexafluoro benzene (1 wt%, CgFg,
Sigma Aldrich) was added to tetrahydrofuran-dg (THF-dg, Cambridge
Isotope Laboratories, Inc.) and used as an internal reference for the 9g
NMR spectra. TM dissolution and deposition were quantitatively
analyzed using ICP-MS (iCAP RQ, Thermo Fisher Scientific). The elec-
trode surface chemical composition was investigated using XPS
(K-Alpha, Thermo Fisher Scientific) under an ultrahigh vacuum. The
phase transitions of the cycled NCM811 cathodes were investigated
using high-resolution transmission electron microscopy (HR-TEM, JEOL
2100F). Time-of-flight secondary-ion mass spectrometry (TOF-SIMS,
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TOF-SIMS 5, and ION TOF) was performed after cycling to analyze the
surface and bulk chemical compositions of the electrodes.

3. Results and discussion

Fig. 1a shows a schematic of the GPANZ preparation. The PANZ
membrane was first fabricated by electrospinning a mixture of PAN and
zeolite, which was then reacted with the b-PEI solution to graft the PEI
moiety onto the PAN membrane. Nitrile groups (C = N) in PAN initiated
the reaction with amine groups (-NHj) in PEIL, forming the amidine
(N-C=N) and amide groups (C=0-NH), as shown in Fig. S1 [35]. After
PEI grafting, the obtained GPANZ exhibited a homogeneous yellow color
and high flexibility (Fig. 1b and Fig. S2). Fig. 1c illustrates the multi-
functional characteristics of GPANZ separators. Embedded zeolites can
effectively scavenge HyO and HF, thereby preventing electrode and
electrolyte deterioration during cycling [25,27]. Additionally, the amine
groups in b-PEI possess electron-donating properties that can trap TM,
thereby blocking its shuttling and the graphite anode degradation [31].

Fig. 2a and b shows the FE-SEM and optical images of GPANZ,
respectively. SEM images reveal that zeolite particles were uniformly
embedded within the nanofibers with an average diameter of 700 nm,
and the thickness of the free-standing GPANZ separator was 25 pm
(Fig. 2b). FTIR spectra of PANZ and GPANZ were obtained to confirm
the chemical structure of GPANZ (Fig. 2c). In the GPANZ spectrum, a
strong C = N peak in PANZ at 2242 cm ™! decreased, and four peaks at
1224, 1569, 1626, and 3000-3600 em ™!, corresponding to C-N, N-H,
—-C=0/-C=N, and -NH adsorption, respectively, were observed. This
result indicates that C = N groups in PANZ are converted to N-C=N and
C=0O-NH groups after the grafting reaction, as depicted in Fig. S1. The
thermal stabilities of the PE and GPANZ separators were compared after
storage at different temperatures for 1 h (Fig. 2d). The PE separator
underwent severe shrinkage at 140 °C owing to PE melting, while the
GPANTZ separator hardly shrank at the same temperature due to its high
thermal stability. The GPANZ separator maintained thermal stability up
to 200 °C and exhibited only minimal shrinkage even at an elevated
temperature of 250 °C, as presented in Fig. S3. The physical properties of
the PE and GPANZ separators are summarized in Table S1. The GPANZ
separator comprising nanofibers exhibited higher porosity and electro-
lyte uptake than the PE separator. Contact angles were measured by
dropping liquid electrolytes onto the two separators. As depicted in
Fig. 2e, the contact angle of GPANZ was 18.4°, which was much smaller
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Fig. 1. (a) Schematic for preparing GPANZ. (b) Large-sized GPANZ separator and its flexibility. (c) Schematic showing the multiple functions of the

GPANZ separator.
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temperature.

than that of the PE separator (37.6°). Fig. S4 presents the stress—strain
curves of the GPANZ separator before and after immersion in liquid
electrolyte. The mechanical properties remained unchanged after
soaking, indicating that the GPANZ separator exhibits negligible
swelling in liquid electrolytes. The ionic conductivities of the different
separators soaked in liquid electrolyte were measured using EIS, and
their temperature dependences are shown in Fig. 2f. The ionic conduc-
tivities of GPANZ are higher than those of the PE separator over all
temperature ranges, which can be ascribed to the higher porosity and
electrolyte uptake of GPANZ. The transference number of the Li* ions
(tLi+) was determined by combining DC polarization and AC impedance
spectroscopy (Fig. S5). GPANZ had a higher t;; ; value (0.43) than PE
(0.29), which can be attributed to the high lithium-ion dissociation
ability of functional groups (amine and nitrile) and hydrogen bonding
for trapping anions in GPANZ separator [36,37].

LiPFe, which is used as a salt in LIBs, thermally decomposes into LiF
and PFs. PFs reacts with trace amounts of water to produce highly
reactive and corrosive HF, and these reactions are accelerated at high
temperatures. The produced HF causes parasitic side reactions and
damages the interphase (CEIL SEI) and structure of the electrodes, which
leads to the dissolution and deposition of TM ions, thereby degrading
battery performance (Fig. 3a). Subsequent deterioration occurs contin-
uously because of additional water produced by these reactions [11,38].
Therefore, suppressing the generation of HyO and HF in the electrolyte is
essential for improving battery performance at high temperatures. To
investigate the HyO scavenging ability of the GPANZ separator, Karl
Fischer titration measurements were conducted with different electro-
lytes. The HyO content of the fresh electrolyte was 5 ppm, and it was
increased to 219 ppm by intentionally adding a small amount of water.
After treating HpO-added electrolyte with GPANZ for 24 h, the Ho0
content decreased dramatically from 219 to 47 ppm (Fig. 3b), suggesting
that the zeolite embedded in the GPANZ separator effectively captured
residual H2O in the electrolyte. To confirm the role of GPANZ as an HF
scavenger, 1°F NMR analysis of the liquid electrolytes treated with PE
and GPANZ separators was conducted. The PE and GPANZ separators
were immersed in the electrolyte with a membrane-to-electrolyte vol-
ume ratio of 0.05. To investigate the HF scavenging effect, HoO (300
ppm) was added into the electrolyte solutions with PE and GPANZ, and
the electrolytes were stored at 55 °C for 3 days. Without any treatment,

the fresh electrolyte shows three peaks at —75.0, —124.3, and —164.9
ppm corresponding to PFg, FEC, and CgF¢ (internal reference), respec-
tively (Fig. 3c) [39,40]. After storing the water-adding electrolyte with
the PE separator at 55 °C, a new small broad peak corresponding to HF
appeared at —191.1 ppm (Fig. 3d), indicating that HF was formed by the
autocatalytic decomposition of LiPFg and H3O. In contrast, no noticeable
HF peak is observed for the electrolyte treated with GPANZ, as depicted
in Fig. 3e. These results suggest that the GPANZ separator can act as an
effective HpO and HF scavenger to prevent battery performance
degradation.

The electrochemical performance of the graphite/NCM811 cells with
different separators was evaluated at 25 and 55 °C. Voltage profiles and
cycling characteristics of the cells with different separators at 25 °C and
1 C are presented in Figs. S6 and 4a, and 4b. The GPANZ cell delivered a
higher initial discharge capacity of 185.4 mAh g~! and showed a better
capacity retention of 80.5 % after 500 cycles compared to the PE
separator cell (180.1 mAh g™}, 71.6 %). Figs. S7 and 4c show the
charge—discharge curves of the cells with PE and GPANZ at 55 °C and 1
C. The GPANZ cell initially delivered a higher discharge capacity of
186.1 mAh g’1 than that of the PE cell (182.6 mAh g’l). Similar to the
cycling performance observed at 25 °C, the GPANZ cell exhibited an
enhanced capacity retention (64.3 %) after 500 cycles compared to that
of the PE cell (42.2 %) at 55 °C (Fig. 4d). Furthermore, the GPANZ cell
showed superior cycling performance compared to the PANZ cell, which
can be attributed to the TM-scavenging ability of PEI that enhances
cycling stability. Notably, a significant difference in Coulombic effi-
ciency was evident between the cells tested at 55 °C. Elevated temper-
atures promote unfavorable processes, such as oxidative decomposition
of the electrolyte and degradation of the SEI layer, which in turn in-
crease irreversible losses during cycling. As a result, the PE-based cell
exhibited lower Coulombic efficiency at 55 °C. To investigate the effect
of the separator on cell rate performance, a rate capability test was
conducted at a constant charge rate of 0.2 C and various discharge C
rates from 0.2 to 5.0 C. Fig. S8 shows the first discharge curves of cells
assembled with PE and GPANZ at each C rate, and discharge capacities
at different C rates are compared in Fig. 4e. The GPANZ cell exhibits
higher discharge capacities than the PE cell at all C rates because of the
high ionic conductivity and Li" transference number of the GPANZ
separator, as discussed previously. AC impedance spectra of graphite/
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Fig. 3. (a) Deterioration mechanisms of LIBs due to residual water and HF formation in the cell. (b) H,O scavenging ability of GPANZ. 19F NMR spectra of (c) the
fresh electrolyte, (d) the electrolyte with H>O and PE stored at 55 °C for 3 days, and (e) the electrolyte with H,O and GPANZ stored at 55 °C for 3 days.

NCMBS811 cells employing different separators were obtained to monitor
internal resistances of cells during cycling at 55 °C. In these spectra
(Fig. 4f and g), there are two overlapping semicircles in the high- and
low-frequency regions, corresponding to ion migration at the surface
film on the electrode (Rf) and the charge-transfer reaction at the
electrode-electrolyte interface (R¢) [41,42]. The obtained spectra could
be fitted to the equivalent circuit shown in Fig. S9, and the fitting results
are listed in Table S2. The GPANZ cell exhibited slightly smaller initial
resistances than the PE cell because of the superior electrochemical
properties of GPANZ. Furthermore, increases in both electrolyte (R.) and
interfacial resistance (R¢ + Ret) of the GPANZ cell were slower than those
of the PE cell during cycling. As mentioned earlier, GPANZ effectively
removed impurities (HoO and HF) in the cell, suppressing electrolyte
and electrode material deterioration, thereby mitigating the increase in
the internal resistance of the cell.

Fig. 5a illustrates the beneficial effect of the GPANZ separator in the
cell employing the LiPFg-based electrolyte in terms of stabilizing the
interfacial layer and the electrode structure. During cycling, the corro-
sive HF arising from the thermal decomposition and hydrolysis of LiPFg
etches the electrodes and their interphases (CEI and SEI), resulting in
bilateral degradation of the cathode and anode. On the cathode side, the
TM dissolution and the damage of CEI formed on the cathode active
material are caused by HF attack, leading to the deterioration of NCM

material and oxidative decomposition of the electrolyte. The dissolved
TM was reduced at the graphite anode, impairing the SEI and promoting
electrolyte decomposition, thereby constructing a thick and resistive SEI
layer on the graphite anode. These processes increase cell resistance and
eventually lead to cell failure [11,14]. However, the GPANZ separator
effectively mitigated cell degradation by suppressing impurity (H20, HF,
and TM) generation and capturing them. The role of GPANZ in inhib-
iting TM dissolution from the cathode and trapping it was evaluated
using ICP-MS by quantifying the contents of the dissolved and deposited
TM. To measure the TM content dissolved from the NCM cathode, the
cathode was fully charged to 4.3 V after pre-cycling and then immersed
in electrolytes with different separators at 55 °C for 3 days. The results
are summarized in Table S3. When the cathode was stored in the elec-
trolyte with the PE separator, the amounts of Ni, Co, and Mn were
measured to be 20.3, 2.6, and 1.7 ppm, respectively. While TM contents
decreased to 12.0, 1.3, and 0.9 ppm, respectively, in the electrolyte
containing the GPANZ separator. In terms of separator type, the TM
content decreased in the order of PE > PANZ > GPANZ, which supports
the effectiveness of PEI grafting onto PANZ in minimizing TM dissolu-
tion, likely due to its strong electron-donating properties. These results
highlight the effectiveness of the GPANZ separator in mitigating
HF-induced corrosion and stabilizing the cathode-electrolyte in-
terphases. ICP-MS results of the graphite anode retrieved from cells
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assembled with different separators after 300 cycles at 55 °C were ob-
tained to quantify the TM content deposited onto the anode. As pre-
sented in Fig. 5c, severe TM deposition occurred in the graphite anode
cycled with PE separator, resulting in the presence of Ni, Co, and Mn at
concentrations of 2304.5, 102.6, and 245.3 ppm, respectively. In
contrast, TM deposition on the graphite anode was significantly reduced
when applying the GPANZ separator (418.4, 11.4, and 25.6 ppm for Ni,
Co, and Mn, respectively). To further clarify the suppressive effect of the
GPANZ separator on the shuttling and deposition of TM species, XPS
spectra of the graphite anodes cycled at elevated temperatures were
obtained (Fig. 5d). For the graphite cycled with the PE separator, the
obvious peaks of Ni, Co, and Mn species were observed, whereas no clear
spectral features of these TMs appeared in the spectra of the graphite
cycled with the GPANZ separator. These ICP-MS and XPS results
revealed that the GPANZ separator mitigated TM leaching from deli-
thiated NCM cathode and the deposition of shuttled TM on the graphite
anode during cycling.

Cross-sectional morphologies of the cathodes cycled with different
separators were examined using FE-SEM. (Fig. 6a-6f). Notably, the
structural stability of the NCM cathode differed remarkably when
different separators were used. The NCM cathode cycled with the PE
separator exhibited large volume expansion and contained some
microcracks in the NCM secondary particles (Fig. 6b and e). In the PE
separator cell, the HF generated during cycling etches the cathode sur-
face, and continuous side reactions occur between the electrolyte and

Layered
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the newly exposed cathode surface, resulting in the formation of a non-
uniform and resistive CEI This CEI leads to an inhomogeneous lithiation
process and severe anisotropic volume change, accelerating the struc-
tural degradation of the NCM cathode [43-46]. Conversely, thickening
and intergranular cracking of the cathode material were remarkably
suppressed in the cell with the GPANZ separator (Fig. 6¢ and f). The
microstructure of NCM cathodes was investigated using HR-TEM and
fast Fourier transform (FFT) after 300 cycles at 55 °C (Fig. 6g and h). At
the NCM cathode surface, the highly reactive Ni** was reduced to lower
oxidation states (Ni*" and Ni*") by anodic decomposition of the elec-
trolyte during the charging process. Ni%* easily migrates into vacant Li
slabs, causing undesirable Ni/Li cation mixing and the formation of a
rock-salt phase. The inactive rock-salt phase impedes Li-ion transport in
the layered structure of the cathode, thereby losing the Li storage
capability [47]. Fig. 6g shows that the surface of the NCM cathode
cycled with the PE separator was composed of a rock-salt phase and a
thick-mixed phase (rock-salt + layered), with a total phase trans-
formation thickness of 19.2 nm. In contrast, the GPANZ separator
drastically reduces the phase transition region to 8.9 nm at the cathode
surface, as shown in Fig. 6h. This result can be ascribed to the HF sup-
pression effect of GPANZ, which mitigates the exposure of the active
cathode surface to the liquid electrolyte.

The TOF-SIMS depth profile of the cycled NCM in Fig. S10 shows the
chemical composition of the cathode surface. Strong PO3 and weak Ni~
signals were detected in the NCM cycled with the PE separator, which

Layered

Fig. 6. Cross-sectional SEM image of the pristine NCM811 cathode (a, d). Cross-sectional SEM images of the NCM811 cathodes after 300 cycles at 55 °C with (b, e) PE
separator and (c, f) GPANZ separator. HR-TEM images with their FFT patterns of NCM811 cathodes retrieved from the cells with (g) PE separator and (h) GPANZ

separator after 300 cycles at 55 °C.
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were ascribed to the decomposition product of LiPFg at the cathode [48,
49]. In contrast, the NCM cathode cycled with the GPANZ separator was
covered with a thin electrolyte decomposition layer with smaller PO3
signals, indicating that less electrolyte decomposition occurred. These
results demonstrate that the GPANZ separator effectively alleviates
structural degradation of the NCM cathode and the decomposition of the
electrolyte at the cathode surface. TOF-SIMS analysis of the graphite
anode was also performed to confirm the contribution of GPANZ to the
interfacial stability of the anode. As shown in Fig. 7a and b, the graphite
anode cycled with the PE separator exhibited a strong PO3 signal and a
weaker graphite (Cg) signal, indicating that overgrown SEI was formed
by electrolyte decomposition catalyzed from TM and HF. Conversely, in
the presence of the GPANZ separator, a relatively thin SEI was formed,
implying that GPANZ suppressed electrolyte decomposition at the anode
surface. Surface TM element mapping of the graphite anodes after 300

Journal of Power Sources 642 (2025) 237016

cycles was performed to further clarify the deposition of TM (Fig. 7c and
d). The graphite anode cycled with the PE separator showed strong TM
(Ni', Co™, and Mn™) signals, whereas there were no apparent TM signals
on the graphite anode cycled with the GPANZ separator. The decrease in
TM deposition can be attributed to the impurity suppression ability of
GPANZ, as previously discussed. The cross-sectional SEM images of the
graphite anodes in the fully discharged state showed that the cycled
graphite anode with the GPANZ separator had a lower volume expan-
sion of 107.8 % than the anode with the PE separator (114.2 %)
(Fig. S11). When using the GPANZ separator, electrode thickening can
be mitigated by inhibiting the accumulation of byproducts generated
from electrolyte decomposition. Thus, our results demonstrate that the
multi-scavenging functional separator, GPANZ, can significantly
improve the cycling performance of LIBs at elevated temperatures.
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4. Conclusions

In this study, we prepared a multi-impurity scavenging separator,
GPANZ, and applied it to the graphite/NCM811 cell to enhance its
cycling performance. The GPANZ consisted of zeolite-embedded PAN
nanofibers with PEI moiety and was fabricated using electrospinning
and grafting PEI. The embedded zeolite functioned as an HoO and HF
scavenger, and the amine groups in the PEI effectively trapped TMs;
thus, the GPANZ separator effectively prevented impurity-induced
deterioration of the electrodes and electrolytes. Additionally, the
GPANZ separator exhibited superior electrochemical properties and
enhanced thermal stability compared to the conventional PE separator
at high temperatures. Consequently, the graphite/NCM811 cell assem-
bled with the GPANZ separator delivered a high initial discharge ca-
pacity of 186.1 mAh g~! and exhibited enhanced cycle life with a
capacity retention of 64.3 % after 500 cycles at 1 C rate and 55 °C. Our
results revealed that the use of a GPANZ separator is a promising way to
ensure cycling stability for high-capacity LIBs, especially at elevated
temperatures.
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