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A Trailblazing Quenching Strategy for Simultaneous LiF
Formation at Surface and Intergranular Interfaces for
Enhanced Stability of High-Ni NCM Cathodes

Sung Joon Park, Hami Lee, Hee-Beom Lee, Hyunji Kweon, Bo Keun Park, i Won Kim,
Fan Yun, Fang Zhang, Jongsoon Kim,* Young-Min Kim,* and Ki Jae Kim*

Water-washing effectively removes surface residual lithium from

high-Ni LiNiy ¢Co, ; Mng ; O, (NCM) cathodes; however, it inevitably degrades
the electrochemical performance. To address this issue, integrated strategies
targeting the conversion of surface residual lithium into artificial coating layers
on high-Ni NCM cathodes have been proposed; however, these require further
processing, thus hindering their industrial application. This study proposes

a trailblazing strategy for directly converting residual lithium into a LiF layer
simultaneously formed on both the surface of secondary particles and the
interfaces between the primary particles of high-Ni NCM, without requiring
further processing. This is achieved by modifying the conventional sintering
process, with the main change being the replacement of the final air-cooling
step with quenching, performed using a fluorinated ketone as a quenching
medium. Furthermore, through controlled experiments conducted at various
quenching temperatures, the distinct roles of surface and interfacial LiF

in influencing the structural stability of high-Ni NCM cathodes are elucidated.
Surface LiF primarily prevents electrolyte-induced side reactions, while
interfacial LiF plays a crucial role in mitigating microcrack formation. Therefore,
the full cell assembled using high-Ni NCM with surface and interfacial

LiF layers and a graphite anode demonstrate a stable cycling performance
over 300 cycles, highlighting the practical potential of this process.

1. Introduction

High-Ni LiNi,4Co,,Mn,,0, (NCM) cath-
ode materials are the most preferred ma-
terials for meeting the demand for high-
energy-density lithium-ion batteries (LIBs),
owing to their high capacity and high av-
erage working voltage.['*! However, high-
Ni NCM cathode materials suffer from se-
vere capacity loss during charge/discharge,
due to structural instability, irreversible
phase transitions, oxygen evolution reac-
tions, transition-metal dissolution, crack
evolution, and electrolyte decomposition,
which are accelerated by highly oxidative
Ni** ions.l>®l Moreover, high-Ni NCM cath-
ode materials easily react with ambient
air and moisture, leading to the forma-
tion of residual lithium compounds, such
as LiOH or Li,CO;, on their surfaces.”]
These residual lithium compounds in-
crease the difficulty of the manufactur-
ing processes owing to the gelation of
the cathode slurry, and they react with
electrolytes to generate gas within LIBs,
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which can cause serious safety concerns for LIBs.[®l Thus, resid-
ual lithium compounds must be removed to meet the require-
ments for high-energy-density and long-lasting high-Ni NCM
cathode materials.

In the field of cathode manufacturing, water-washing is com-
monly employed to remove residual lithium compounds from
the surfaces of high-Ni NCM cathode materials.>1!l Although
this method effectively removes residual lithium compounds
from the surfaces, it results in a slight decrease in discharge ca-
pacity owing to the unavoidable extraction of lattice Li.['?] In addi-
tion, water-washed samples exhibit increased sensitivity to H,O
and CO, in air, which limits the broader application of water-
washing.[1314] To address these limitations of the water-washing
process, various strategies have recently been proposed to con-
vert surface residual lithium into organic or inorganic artificial
coating layers on high-Ni NCM cathodes.['>"?] Specifically, LiF-
based artificial coating layers have attracted considerable atten-
tion because of their electrochemical stability, weak adhesion to
high-Ni NCM cathodes, prevention of excessive lattice distortion,
and mitigation of microcrack formation.’~?) Given the attrac-
tive features of LiF, numerous studies have used methods such
as atomic layer deposition, solvothermal techniques, magnetron
sputtering, and gas-phase reactions to synthesize LiF-coated
high-Ni NCM cathodes (Table S1, Supporting Information).[26-3
However, these methods still face challenges, such as the use of
high-cost equipment, the requirement for further treatment, the
use of toxic fluorinated gas, and the adoption of hard-to-handle
substances. Furthermore, studies on the conversion of residual
lithium on cathode surfaces into LiF have rarely been conducted
because of the difficulties in both developing a methodology for
forming a uniform LiF layer with selective reactions without
the degradation of high-Ni NCM and achieving a controllable
degree of reaction. Moreover, despite being frequently adopted,
these strategies have not yet been adopted at the industrial man-
ufacturing scale owing to the additional surface treatment re-
quired, which hinders productivity. Consequently, water-washing
remains the standard in current manufacturing practices. There-
fore, an innovative and scalable approach is required to enable
the long-term use of high-Ni NCM cathode materials by overcom-
ing the drawbacks of water-washing while maintaining process
simplicity.

This study proposes an innovative surface reconstruction strat-
egy that directly converts residual lithium compounds into LiF
on both the surface of secondary particles and the interfaces be-
tween the primary particles of high-Ni NCM cathode materials.
This surface reconstruction was achieved via simple modification
of the conventional sintering process used for high-Ni NCM cath-
ode materials, specifically by replacing the final air-cooling step
in the current sintering process with quenching, performed us-
ing a fluorinated ketone as a quenching medium. Furthermore,
by varying the quenching temperature in controlled experiments,
we demonstrated the distinct roles of both the LiF formed on the
surfaces of secondary particles and the LiF formed at the inter-
faces between primary particles in enhancing the structural sta-
bility of Ni-rich layered cathode materials. LiF formed on the sur-
faces of secondary particles mainly prevented electrolyte-induced
side reactions, while LiF formed at the interfaces between pri-
mary particles played crucial roles in mitigating microcrack for-
mation. Scheme 1 shows a schematic diagram of the modified
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sintering process, including the quenching step, as well as the
anticipated roles of surface and interfacial LiF layers. Owing to
the synergistic advantages of LiF layers on high-Ni NCM cathode
materials, the full cell paired with a graphite anode achieved a
stable cycling performance over 300 cycles, with an exceptionally
ultralow capacity loss of 0.034% per cycle. This study represents
a remarkable advancement in cathode engineering, providing a
scalable and efficient strategy for practical applications in next-
generation LIBs.

2. Results and Discussion

2.1. Surface Modification Using a Fluorinated Ketone

Our strategy for uniformly constructing a LiF layer on high-Ni
NCM cathode materials fundamentally preserved the conven-
tional sintering process without requiring additional treatment.
The key modification was the replacement of the air-cooling step
at the end of the sintering process with a quenching step, per-
formed using a specialized quenching medium, that is, a fluori-
nated ketone. As shown in Equations (1) and (2), the fluorinated
ketone reacted with residual lithium compounds (Li,O), leading
to LiF formation.

CF,CF, (C = O) CF(CFy), + %Lizo — CF,CF, (C=0) C(CF,),

+LIF + %oz (1)

CF;CF, (C=0) C(CF;), + %LiZO — CF,CF(C = 0) C(CF;),
1
+LLFZ +0, (2)

To confirm the possibility of the occurrence of the suggested
reactions, we performed first-principles calculations. The ther-
modynamic reaction pathways for LiF generation from the fluo-
rinated ketone were calculated (Figure 1). The fluorinated ketone
was =187 Hartree lower after defluorination, indicating that the
defluorination of the fluorinated ketone for LiF formation was
thermodynamically stable. The calculation indicates that, during
quenching, the decomposition of the defluorinated product led
to LiF formation, which was likely to form a LiF coating layer
on the surface of NCM811. In addition, these reactions occurred
at the liquid-solid interface between the residual lithium com-
pounds and the fluorinated ketone. Consequently, depending on
the quenching temperature, LiF was expected to form on the
surfaces of secondary particles, at the interfaces between pri-
mary particles, or in both regions, owing to this unique reaction
mechanism.

Before confirming the formation of LiF, verifying whether
the introduction of the quenching process altered the structure
and chemical composition of the high-Ni NCM cathode mate-
rials was necessary. Samples were prepared via quenching at
300 (denoted as 300Q-NCM) and 600 °C (denoted as 600Q-
NCM), using a fluorinated ketone solvent after the sintering pro-
cess. For comparison, a sample that underwent a conventional
air-cooling step at the end of the sintering process was also

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWILLIOD SAIEeID 3|qeot|dde ay) Aq peuienob a1e sejoie O ‘8sn 0 s3Il Joj Akelq 18Ul UO 8|1 UO (SUONIPUOD-PUB-SWSIALIOY A8 | ARIq 1 BUIIUO//SANL) SUONIPUOD PUe WIS 1 8L 89S *[6Z0Z/0T /2] Uo AriqiTauliuo A8IMm * AisieAIun uemyunABuns - wis uoosBuor Aq 262206202 |IWS/2Z00T OT/I0p/od" A im Afe.d1Bul|uo//sdny wouy pepeojumod ‘gy ‘SZ0 '62895T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

750 °C T \
e NCM precurst:'oH ,GOOQ_NCM/ »
= . HERN ‘
S ol .
8 Sing'" Fluorinated:  %300Q-NCM .
5 . e 1o |
= '—L'j 0, flow Quenching!;
i % pP-NCM
Time
without Quenching Quenching
Quenching At 300 °C At 600 °C

v

P-NCM

. Primary particle protection

. Secondary particle protection

@ Rich residual lithium

‘ Primary particle protection
@ Secondary particle protection

@ Medium residual lithium

v
300Q-NCM

600Q-NCM
< —
p

@ Primary particle protection
@ Secondary particle protection

@ Low residual lithium

Scheme 1. Modified synthesis process for LiNig 3Cog 1Mng 10, cathode materials.

prepared (denoted as P-NCM). Focused Ga-ion beam scan-
ning electron microscopy (FIB-SEM) and energy-dispersive X-ray
spectroscopy (EDS) were used to analyze the physical and chem-
ical changes in the cross-sectional structures of the primary and
secondary particles following quenching.*!l Figure 2a,b show the
cross-sectional images and EDS mapping results for P-NCM,
300Q-NCM, and 600Q-NCM. Notably, all samples exhibited a
cross-sectional structure typical of high-Ni NCM layered cath-
ode materials, where secondary particles are composed of dense
primary particles, and no discernible morphological differences
were observed, even after quenching. Additionally, EDS maps of
the major elements, namely Ni (orange), Mn (blue), Co (green),
and O (red), revealed that all the elements were uniformly dis-
tributed throughout the secondary particles, with no elemental
segregation or deficiency at either the inter- or intra-grain levels.
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Moreover, the chemical compositions determined from energy-
dispersive X-ray (EDS) maps (Table S2, Supporting Information)
indicated that, at different quenching temperatures, the high-Ni
NCM cathode materials did not affect the intrinsic chemical com-
position of the major elements. Furthermore, the calculated lat-
tice parameters (a and c) and the c/3a ratios (Figure 2¢,d; Note
S1, Supporting Information) were consistent across the samples,
indicating that the overall crystal structure remained stable and
unaffected by the proposed sintering process.[3%!

To confirm the formation of LiF, its surface composition
was further investigated using X-ray photoelectron spectroscopy
(XPS). Figure 3a-i displays the C 1s, O 1s, and F 1s spectra of the
surface chemical states of P-NCM, 300Q-NCM, and 600Q-NCM.
P-NCM had no signal in the F 1s spectra, whereas 300Q-NCM
and 600Q-NCM showed LiF compounds, observed at 685.0 eV,
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(1) CF;CF,(C=0)CF(CF3), + %LiZO — CF3CF,(C=0)C(CF;), + LiF + %OZ
(2) CF3CF,(C=0)C(CF3), + gLizO — CF3CF(C=0)C(CF3), + LiF + % 0O,
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Figure 1. Comparison of the Gibbs free energy at each defluorination reaction state from a fluorinated ketone.

which arose from the reaction between the fluorinated ketone
and residual lithium compounds.**! As the reaction tempera-
ture increased, the intensity of the residual C-F peak (688.4 eV)
decreased, indicating that the reaction became more vigorous
at elevated temperatures.[**! Moreover, on the surface of 600Q-
NCM, as residual lithium compounds were converted into LiF,
the amount of Li,CO; formed from the reaction between Li,O
and atmospheric CO, significantly decreased compared to that
on the other sample surfaces, as summarized in Figure S1 (Sup-
porting Information). This was further supported by the anal-
ysis of the NCM surface smoothness (Figure S2, Supporting
Information) and residual lithium measurement results (Figure
S3, Supporting Information) calculated using Equations S1 and
S2 (Supporting Information). As the reaction temperature in-
creased, the surface reactivity of NCM increased, resulting in
more active reactions with the fluorinated ketone, converting
residual lithium into LiF.

To further confirm whether LiF formed on the surface of the
primary particles, at the interfaces between secondary particles,
or in both regions, and to investigate how the LiF formation var-
ied with quenching temperature, correlative microscopy combin-
ing FIB-SEM with time-of-flight secondary-ion mass spectrom-
etry (TOF-SIMS) was employed. This multimodal approach al-
lowed for the resolution of the elemental distribution of light el-
ements (such as Li and F) in electrode materials over a cross-
sectional sample from FIB-SEM imaging.[**37] Figure 4a shows
representative cross-sectional images of the secondary particles
of P-NCM, 300Q-NCM, and 600Q-NCM, which showed similar
microstructures consisting of multiple primary particles. Figure
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S4 (Supporting Information) shows TOF-SIMS normalized ele-
mental distribution maps of F (19) and Li (7) for P-NCM, 300Q-
NCM, and 600Q-NCM. The F distribution maps revealed that F
ions unequivocally filled the surroundings of individual primary
particles in the secondary particles of 300Q-NCM and 600Q-
NCM, while F ion signals were not detected in P-NCM. Interest-
ingly, in contrast to 300Q-NCM, F ions were strongly detected in
the grain boundaries of 600Q-NCM, suggesting that, owing to the
large temperature difference, the fluorinated ketone percolated
along the grain boundaries of the high-Ni NCM cathode mate-
rials and subsequently reacted further with the residual lithium
(Figure 4b). Based on the Li distribution maps, no distinctive dif-
ferences were observed among P-NCM, 300Q-NCM, and 600Q-
NCM, indicating that the consumption of Li for LiF formation
was not due to Li in the lattice of the Ni-rich layered cathode ma-
terials but, rather, residual lithium present on the surface of the
high-Ni NCM cathode materials. The observed different intensi-
ties of the Li ions in the primary grains and near the surfaces
were attributed to topographical effects that altered the resulting
secondary-ion signals, depending on both the presence of holes
and the grain orientation.[*”®] Based on the TOF-SIMS results,
we confirmed that the quenching process conducted using flu-
orinated ketone could convert residual lithium compounds into
an artificial LiF coating layer, while precise temperature control
during quenching enabled the selective formation of LiF either
on the surfaces of secondary particles or at the interfaces between
primary particles. The additional HRTEM and EELS experiments
confirmed the presence of LiF phase coating around the NCM
primary particles (Figure S5, Supporting Information).
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Figure 2. Elemental distribution maps of P-NCM, 300Q-NCM, and 600Q-NCM secondary particles at different annealing temperatures. a) SE images
of cross-sectional samples prepared via FIB milling. b) EDX mapping results for the cross-sectional planes of secondary particles, which are displayed
using false color codes: orange for Ni K (7.471 keV), blue for Mn K (5.894 keV), green for Co K (6.924 keV), and red for O K (0.525 keV). c) XRD results
of P-NCM, 300Q-NCM, and 600Q-NCM, and d) corresponding lattice parameters.

2.2. Electrochemical Performance

To validate the effect of the LiF coating layer on the high-Ni NCM
cathode materials, half-cells were fabricated using P-NCM, 300Q-
NCM, and 600Q-NCM as cathodes. Cycling tests were performed
at 1.0 C (1.0 C = 200 mA g~') and 30 °C within a voltage range
from 2.8 to 4.3 V (vs Li/Li*). As shown in Figure S6 (Support-
ing Information), the 600Q-NCM exhibited the highest capac-
ity retention of 89.6% over 100 charge—discharge cycles, com-
pared to those of the other samples (P-NCM: 83.3%, 300Q-NCM:
87.4%). Moreover, even at a high cutoff voltage of 4.5 V (vs Li/Li"),
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600Q-NCM showed the highest discharge capacity of 159 mA h
g1 after 100 cycles (P-NCM: 143 mA h g1, 300Q-NCM: 146 mA
h g™, (Figure 5a; Figure S7, Supporting Information). In addi-
tion, even at a high current density of 8.0 C (Figure 5b; Figure
S8, Supporting Information), 600Q-NCM exhibited the highest
capacity of 81 mA h g7!, outperforming both P-NCM and 300Q-
NCM (7mAh g™! and 58 mA h g~! for P-NCM and 300Q-NCM,
respectively). The superior rate capability of 600Q-NCM was
likely due to enhanced Li* diffusivity and a reduced charge trans-
fer resistance, as confirmed by the results of galvanostatic inter-
mittent titration technique measurements and electrochemical

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. a—) C s, d—f) O 1s, and g—i) F Ts results of P-NCM, 300Q-NCM, and 600Q-NCM.

impedance spectroscopy (Figures S9 and S10, Supporting Infor-
mation). Given that LiF is known to act as both a protective layer
that prevents side reactions at electrolyte—cathode interfaces and
a Li-ion conductive layer, it was concluded that the improved cy-
cling and rate performances of 600Q-NCM were mainly due to
the uniformly formed LiF protective layer fully covering both
the surface of secondary particles and the interfaces between
primary particles, which made it much more effective in pre-
venting side reactions at electrolyte—cathode interfaces than the
LiF protective layer formed only on the surfaces of secondary
particles.

Owing to the positive effects of the LiF formed on both the
secondary particles and the interfaces between the primary par-
ticles, the full cell assembled with 600Q-NCM and a commercial
graphite anode exhibited an enhanced cycling performance un-
der standard conditions (Figure S11, Supporting Information).
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Notably, even under more severe working conditions with a high
cut-off voltage of 4.4 V, the full cell equipped with 600Q-NCM of-
fered superior electrochemical stability, as shown in Figure 5c
and Figure S12 (Supporting Information). To understand the
superior electrochemical performance of 600Q-NCM, differen-
tial capacity (dQ/dV) curves, which provide information regard-
ing the phase transitions during repeated charge/discharge pro-
cesses, were compared in Figure 5f—g. The phase transition of the
NCMS811 cathode materials generally begins with a transforma-
tion from the hexagonal H1 phase to the monoclinic M phase, fol-
lowed by a transition to the hexagonal H2 phase and finally to the
hexagonal H3 phase. Within the coexisting two-phase regions,
the transition potentials were 3.7, 3.9, and 4.2 V for the H1-M,
M-H2, and H2-H3 transitions, respectively. The H2—H3 phase
transition was characterized by an abrupt contraction along the
c-axis, leading to significant anisotropic lattice volume changes,

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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F

Figure 4. FIB-SEM/TOF-SIMS mapping for pristine NCM and LiF-treated NCM secondary particles. a) Cross-sectional FIB-SEM SE images of samples.
b) (top) False-color-coded segmentation maps of primary particles in the four samples and (bottom) histograms of primary-particle size distributions
calculated from these segmentation maps. Of note, the primary-particle diameter was calculated from the segmented area of a primary particle by

assuming a circular particle shape.

which ultimately contributed to particle fracture and mechani-
cal degradation.’**%) Based on these general backgrounds, the
dQ/dV analysis revealed that 600Q-NCM exhibited the most sta-
ble phase transitions throughout repeated charge/discharge cy-
cles. Contrastingly, the P-NCM cathode showed significant phase
changes, suggesting structural instability and progressive degra-
dation over time. Finally, the efficacy of the LiF coating layer of
the Ni-rich layered cathode materials was evaluated in terms of
the electrochemical performance under high-temperature condi-
tions (Figure 5d; Figure S13, Supporting Information). The initial
capacity of 163 mA h g7! in the full cell equipped with P-NCM
decreased to 114 mA h g~! over 100 cycles. However, 600Q-NCM
delivered a substantially higher capacity (initial capacity: 172 mA
h g7, after 100 cycles: 131 mA h g™'). Consequently, the uni-
formly formed LiF on both the secondary particles and the in-
terfaces between the primary particles played a critical role in
suppressing irreversible phase transformations and minimizing
electrode degradation induced by side reactions. This, in turn, en-
hanced the cycling stability and enabled the reliable operation of

Small 2025, 21, €07292

07292 (7 of 12)

lithium-ion batteries under severe operating conditions, includ-
ing high-temperature and high-voltage conditions.

2.3. Post-Mortem Analysis

To further confirm that the uniformly formed LiF on both the
primary particles and the interfaces between the secondary parti-
cles was considerably more effective in protecting the NCM cath-
ode materials against structural degradation, which was electro-
chemically demonstrated in the previous section, the cycled P-
NCM, 300Q-NCM, and 600Q-NCM cathodes were analyzed us-
ing a transmission electron microscope. For P-NCM (Figure 6a),
the surface was evidently covered by a thick rock-salt structure,
while the bulk exhibited layered structures, indicating significant
surface phase transformation during cycling. In contrast, 300Q-
NCM, which had LiF only on the secondary particles, exhibited
a relatively thin rock-salt structure compared to that of P-NCM
(Figure 6b). Notably, for 600Q-NCM, only a negligibly disordered
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Figure 5. a) Cycling performance of half-cells with a high cut-off voltage of 4.5 V (vs Li/Li*). b) Rate capability of various cathode materials. c) Cycling
performance of a full cell with a working voltage range of 3.0-4.2 V. d) Cycling performance with increasing temperature and at high cut-off voltages
e—g) dQ/dV curves derived from a full cell with a high cut-off voltage, for various cathode materials.

rock-salt layer was observed on the outer surface, while its lay-
ered structure remained intact (Figure 6¢).[*I=*1 XPS analysis was
conducted to further evaluate how LiF coating layers affect the
growth of CEI layers resulting from continuous side reactions
between a cathode and an electrolyte. In the Ni 2p spectra, the in-
tensity of NiF, and NiO, which are resistance-increasing residues
formed by side reactions during 100 cycles, was the lowest for
600Q-NCM (Figure 6d—f).[**] Furthermore, in the F 1s spectra,
the intensity of the Li, PO, F, component, which indicated lithium
salt (LiPF;) decomposition due to its strong oxidizing property
in the high-voltage range, was also the lowest for 600Q-NCM
(Figure 6g-i; Figure S14, Supporting Information).[*’! Based on
structural and compositional post-mortem analyses, we suggest
that the main role of the LiF layer on secondary particles was to
prevent direct contact between the electrolyte and the highly re-
active cathode surface, which would suppress the formation of
the impedance-increasing disordered rock-salt phase and miti-
gate the accumulation of residues on the cathode surface during
cycling.

Small 2025, 21, 07292
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During cycling, repetitive lithiation and de-lithiation within
NCM led to changes in the particle volume and the formation
of microcracks between the primary particles, which, in turn,
allowed electrolyte penetration into these microcracks, ulti-
mately resulting in long-term performance degradation. The
formation of microcracks strongly depended on the interface
structure between the primary particles. Therefore, the struc-
tural stability of interfaces could be reinforced by LiF formation,
which enhances resistance against microcrack formation. To
confirm this, cross-sectional images of P-NCM, 300Q-NCM,
and 600Q-NCM were analyzed before and after cycling tests.
Before cycling, none of the samples showed microcracks at
the interfaces between primary particles (Figure S15, Sup-
porting Information). However, after 100 cycles, significant
differences became apparent. For P-NCM (Figure 7a), numer-
ous microcracks propagated extensively along the interfaces
between primary particles, resulting in the complete collapse
of secondary particles. In contrast, for 300Q-NCM (Figure 7b),
although microcracks also formed along the interfaces between

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 6. STEM images of a) P-NCM, b) 300Q-NCM, and c) 600Q-NCM cathode materials after 100 cycles, and the corresponding FFT patterns. XPS
results after 100 cycles for d—f) Ni 2p and g—i) F 1s spectra of P-NCM, 300Q-NCM, and 600Q-NCM, respectively.

the primary particles, the extent of damage was moderately
lower than that of P-NCM, indicating that the LiF formed on
the surfaces of the secondary particles moderately inhibited
microcrack formation. Notably, in the case of 600Q-NCM, only
a negligible amount of microcracks was observed, suggesting
that the structural stability of the interfaces between the primary
particles could be reinforced by LiF formation (Figure 7c). Ul-
timately, the interface reinforcement induced by LiF formation
at the interfaces between the primary particles enhanced the
resistance to microcrack formation over prolonged cycling, lead-

Small 2025, 21, €07292
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ing to a superior electrochemical performance for 600Q-NCM.
It is well-known that, as the number of microcracks increases
in NCM cathodes, a large amount of transition-metal ions
dissolve into the electrolyte, followed by their deposition onto
the surface of the graphite anode, thereby degrading the electro-
chemical performance of the graphite anode. Therefore, further
evidence of an improved interfacial and structural stability of
the NCM cathodes can be obtained by measuring the extent of
transition-metal dissolution. Inductively coupled plasma-mass
spectrometry was used to measure the degree of transition-

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWILLIOD SAIEeID 3|qeot|dde ay) Aq peuienob a1e sejoie O ‘8sn 0 s3Il Joj Akelq 18Ul UO 8|1 UO (SUONIPUOD-PUB-SWSIALIOY A8 | ARIq 1 BUIIUO//SANL) SUONIPUOD PUe WIS 1 8L 89S *[6Z0Z/0T /2] Uo AriqiTauliuo A8IMm * AisieAIun uemyunABuns - wis uoosBuor Aq 262206202 |IWS/2Z00T OT/I0p/od" A im Afe.d1Bul|uo//sdny wouy pepeojumod ‘gy ‘SZ0 '62895T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

d - P-NCM after
3 & —— P-NCM before ‘
(d) 8 =8 ¢ B o (g) '
= s - o - -
=X € -~ T hal ‘
™) = ~ = ® =
- o ) S ® = = - .
E] =2 S T s = 8 S '
:A 7 b/ = 8 .
2 2
0 13
o c
10 20 30 40 50 60 70 80 18 19 20
20 (degree) 20 (degree)
I 300Q-NCM after }
© —_— F
(e) 3 _§ g ——300Q-NCM before (h) \
= ST T 2 2 '
-= - F~ =
-9 o s X @ = !
3 g s g e ¢ §F 35 '
< =3 e < !
2 =y
0 0
c o
2 2
£ £
10 20 30 40 50 60 70 80
20 (degree)
(f) _ —— 600Q-NCM after
) —_
S s S ——600Q-NCM before
= gz & g g
23 | @ S L s T
3 | R - -
e JL W X L~ e8NS & | s
2 2
(7] [7]
< o
g 2
£ £
R
10 20 30 40 50 60 70 80 18 19 20
20 (degree) 26 (degree)

Figure 7. a—c) Cross-sectional SEM images, d—f) XRD results, and g—i) enlarged (003) peak region of P-NCM, 300Q-NCM, and 600Q-NCM after 100

cycles, respectively.

metal dissolution (Figure S16, Supporting Information).
Predictably, the highest degree of transition-metal dissolution
was measured in P-NCM, while the lowest degree was mea-
sured in 600Q-NCM. This indicated that microcrack formation
could be effectively suppressed by introducing LiF on both the
secondary particles and the interfaces between the primary par-
ticles, and its superior structural stability effectively suppressed
transition-metal-ion crosstalk.*’] In addition, the enhanced
structural stability of 600Q-NCM observed after cycling was
further validated by XRD analysis (Figure 7d—i). The downshift
of the (003) peak indexed at ~18° (260 degree) reflected a c-axis
expansion of the NCM cathode materials, due to repeated vol-
ume changes during lithium intercalation/de-intercalation.[*$->0]
Among the three samples, 600Q-NCM exhibited the smallest
peak shift, further confirming that it maintained the most stable
structure owing to the protection of both secondary and primary
particles. Consequently, we believe that the main roles of the LiF
layer at the interfaces between primary particles were mainly to
mitigate microcrack formation induced by stress accumulation
at interfaces, as well as to suppress electrolyte decomposition at
the interfaces between primary particles.

Small 2025, 21, €07292
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3. Conclusion

Using a simple quenching process with a fluorinated ketone sol-
vent, we designed a single-step surface modification strategy ca-
pable of converting residual lithium compounds into a LiF pro-
tective layer on both the surface of secondary particles and the
interfaces between the primary particles of a high-Ni NCM cath-
ode. 300Q-NCM, which featured a LiF protective layer only on
the surface of secondary particles, demonstrated an enhanced
cycling performance compared to that of P-NCM. More impor-
tantly, 600Q-NCM, which had LiF protective layers on both the
surface of the secondary particles and the interfaces between
primary particles, exhibited outstanding electrochemical perfor-
mance, including excellent cycling stability and rate capability,
even under severe operating conditions such as high tempera-
tures and high cut-off voltages. dQ/dV and post-mortem analy-
ses revealed that the outstanding electrochemical performance
of 600Q-NCM was strongly correlated with the structural stabil-
ity of the primary and secondary particles. 300Q-NCM prevented
electrolyte decomposition on the surfaces of secondary particles
owing to the formation of LiF on their surfaces. However, the

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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absence of a LiF layer at the interfaces between the primary par-
ticles led to continuous microcrack formation, ultimately causing
structural collapse of the cathode material during prolonged cy-
cling. In contrast, 600Q-NCM with LiF layers on both the surface
of secondary particles and the interfaces between primary parti-
cles effectively prevented electrolyte decomposition on the sur-
face of the secondary particles and mitigated microcrack forma-
tion induced by stress accumulation at the interfaces, thereby re-
taining its structural integrity even after prolonged cycling. Con-
sequently, our findings reveal the critical role of the LiF formed
at the interfaces between the primary particles in improving the
structural stability of high-Ni NCM cathodes. In addition, we be-
lieve that our single-step surface modification strategy provides
a simple and scalable method for the synthesis of high-Ni NCM
cathode materials to achieve long-lasting LIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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