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Lithium-rich manganese-based cathodes (LRMs) have garnered significant attention as promising candidates for high-
energy-density batteries due to their exceptional specific capacity exceeding 300 mAh/g, achieved through synergistic an-
ionic and cationic redox reactions. However, these materials face challenges including oxygen release-induced structural
degradation and consequent capacity fading. To address these issues, strategies such as surface modification and bulk phase
engineering have been explored. In this study, we developed a facile and cost-effective quenching approach that simul-
taneously modifies both surface and bulk characteristics. Multi-scale characterization and computational analysis reveal
that rapid cooling partially preserves the high-temperature disordered phase in the bulk structure, thereby enhancing the
structural stability. Concurrently, Lit/H™" exchange at the surface forms a robust rock-salt/spinel passivation layer, effec-
tively suppressing oxygen evolution and mitigating interfacial side reactions. This dual modification strategy demonstrates
a synergistic stabilization effect. The enhanced oxygen redox activity coexists with the improved structural integrity, lead-
ing to superior electrochemical performance. The optimized cathode delivers an initial discharge capacity approaching
307.14 mAh/g at 0.1 C and remarkable cycling stability with 94.12% capacity retention after 200 cycles at 1 C. This study
presents a straightforward and economical strategy for concurrent surface—bulk modification, offering valuable insights for
designing high-capacity LRM cathodes with extended cycle life.

Keywords: lithium-rich manganese-based cathodes, surface—bulk engineering, oxygen redox activity, high-

capacity cathodes, long-cycle stability
PACS: 82.47.Aa, 82.45.Fk
DOI: 10.1088/1674-1056/adc673

1. Introduction

The on-going market demands for high-energy-density
lithium-ion batteries (LIBs), driven by rapidly evolving appli-
cations in electric vehicles, portable electronics, and grid-scale
energy storage systems, have created an urgent need for ad-
vanced cathode materials with superior specific capacity and
operating voltage. While conventional layered ternary oxides,
particularly nickel-rich layered oxide cathodes,!!=#! currently
deliver energy densities of 300—400 Wh/kg that meet baseline
requirements, emerging technological frontiers such as long-
range electric transportation and next-generation aerial mobil-
ity systems demand a paradigm shift toward battery systems
exceeding 500 Wh/kg. LRMs have emerged as a transfor-
mative solution, using concurrent cationic (transition metal,
TM) and anionic (oxygen) redox reactions to achieve ex-
ceptional specific capacities surpassing 300 mAh/g.">! How-
ever, this oxygen participation mechanism presents huge chal-

6,7

lenges, such as oxygen release,!®”! and ensuing irreversible
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phase transitions through TM migration.[®°! These structural
instabilities result in unfavorable electrochemical behaviors
including low initial Coulombic efficiency, progressive volt-
age fading, and rapid capacity degradation.!1%-11]

To date, numerous strategies have been developed to ad-
dress these challenges, primarily focusing on surface mod-
ification, morphological engineering, and bulk structure de-
sign. Among surface modification approaches, the most preva-
lent methods include surface coating, surface elemental dop-
ing, and surface reconstruction. Extensive research has been
conducted on coating materials such as electronic conduc-
tors (e.g., carbon),[!? fast-ion conductors (e.g., perovskite-

U4 These coat-

type compounds),!'3! and polyanionic salts.
ings typically form inert protective layers that minimize di-
rect contact between the cathode and electrolyte, thereby sup-
pressing interfacial side reactions. Furthermore, given the
inherently poor ionic/electronic conductivity of LRMs, coat-

ing design plays a dual role: electronic conductors estab-
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lish efficient electron transport pathways to improve charge
transfer kinetics, while fast-ion conductors create favorable
lithium-ion diffusion channels. Both mechanisms synergis-
tically enhance rate performance beyond merely mitigating
parasitic reactions. Surface elemental doping with species
such as AI3T,[15] N>+ 1161 and Mo®t1!17! enhances structural
stability at the cathode/electrolyte interface by strengthen-
ing oxygen bonding energy, effectively suppressing oxygen
loss. This modification concurrently improves ionic/electronic
conductivity, leading to significant enhancements in both
cycling durability and rate capability. Surface reconstruc-
tion techniques, achieved through liquid—solid reactions (e.g.,
acid treatment),[lg] gas—solid reactions (e.g., C02[19] or dual-
gas CO,/NH3 treatments!?%!), or solid-solid reactions (e.g.,
ureal?!! or dopamine-assisted processes??!), induce controlled
delithiation to transform the surface into a spinel-like phase.
This structural transformation substantially improves surface
stability while maintaining electrochemical performance.
Regarding bulk structural optimization at the atomic
scale, key approaches involve regulating the ordering degree
of native TM cations (Ni, Co, Mn)'?3 and implementing for-
eign element doping. Cationic dopants such as Mg?*,[>4
AP, 121 and La’*,[?9 along with anionic substitutions in-
cluding §2— 1271 F— [28] gpd POi_,m] have demonstrated ef-
fectiveness in optimizing crystal structure and enhancing elec-
trochemical performance. At the lattice level, the introduc-
tion of alkali metal ions (Na*t,[3% K*[311) has proven benefi-
cial by expanding interlayer spacing in lithium slabs, thereby
facilitating Li*-ion transport. Furthermore, gradient archi-
tecture also shows enhanced lattice stability by synthesizing
element concentration gradients within particles.[?>33 Mul-
tiphase composite strategies, particularly O,/O3 phase com-
binations, synergistically combine the advantages of different
crystalline phases to simultaneously improve specific capacity
while mitigating capacity and voltage decay. 3433
Conventional optimization strategies for LRMs predomi-
nantly focus on either surface modification or bulk-phase en-
gineering, often requiring complex post-synthesis treatments.
In contrast to conventional approaches, this study innovatively
adapts the well-established industrial quenching technique
from metallurgical practice, employing an eco-friendly ice-
water mixture (0 °C) as the quenching medium. This strategy
achieves simultaneous bulk-phase and surface modification of
LRM while eliminating the energy-intensive water-washing
step typically required in cathode production. By applying
rapid thermal quenching to low-lithium-content precursors,
which typically undergo thermodynamically driven phase sep-
aration and impurity formation during natural cooling,*®! we
simultaneously induce partial cation disordering in the bulk
TM layers and reinforce a hybrid rock-salt/spinel passivation
layer at the surface. This dual modification creates a syner-
gistic effect: enhanced structural stability balances optimized

oxygen redox activity, effectively suppressing irreversible
oxygen loss while mitigating cathode-electrolyte interfacial
side reactions. Crucially, the approach also inhibits detrimen-
tal phase evolution (e.g., spinel/rock-salt transformations) dur-
ing prolonged cycling. The optimized LRM cathode delivers
an exceptional initial discharge capacity of 307.14 mAh/g and
retains 94.12% capacity after 200 cycles. This study provides
a scalable pathway to develop high-capacity, structurally sta-
ble LRMs for next-generation high-performance LIBs.

2. Methods
2.1. Materials synthesis

The P-LRM was synthesized via conventional solid-state
reaction using stoichiometric lithium carbonate (Li,CO3) and
transition metal carbonate precursors with a Ni:Co:Mn molar
ratio of 13:13:54. The metal carbonate precursors, prepared
through a co-precipitation method in the previous works, 7!
underwent a multi-stage calcination protocol: initial thermal
treatment at 350 °C for 6 h, followed by sequential sintering
at 700 °C (15 h) and 860 °C (5 h) under atmospheric con-
ditions, with subsequent natural cooling to ambient temper-
ature. A series of lithium-stoichiometry variants (P-1.30 to
P-1.60) were systematically prepared through precise control
of Li/TM atomic ratios (1.30-1.60) while maintaining identi-
cal sintering parameters. The quenched counterparts (Q-LRM
series) were synthesized using identical thermal profiles with
modified cooling kinetics: Upon completing the 860 °C sin-
tering stage, samples were rapidly transferred from the muffle
furnace to an ice—water quenching medium (0 °C) using quartz
crucibles, followed by immediate vacuum filtration and drying
at 120 °C under reduced pressure. This controlled quenching
protocol produced the Q-1.30 to Q-1.60 series, where rapid
thermal arrest served as the sole experimental variable com-
pared to their naturally cooled P-series analogs.

2.2. Materials characterization

The crystallographic properties of P-LRM and Q-LRM
were investigated through x-ray diffraction (XRD, Bruker
D8 Advance) employing Cu-Ka radiation (1 = 1.5405 A)
across a 20 range of 10°-80°, with lattice parameter refine-
ment performed using Fullprof software. Elemental compo-
sition analysis was conducted via inductively coupled plasma
spectroscopy (ICP). Surface morphology examination utilized
scanning electron microscopy (SEM, Hitachi S-8400), while
high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-F200) provided nanostructural characterization.
X-ray photoelectron spectroscopy (XPS, Thermo Fisher ES-
CALA 250 Xi) with monochromatic Al K« radiation (150 W)
was employed to determine surface element valence states.
Specifically, manganese valence was calculated using the em-
pirical relation Vyy, = 9.67 — 1.27AEj3,, derived from Mn 3s
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orbital energy splitting.!3®! Surface vibrational modes were
analyzed using Raman spectroscopy (HORIBA LabRAM
HR Evolution).
zation involved high-angle annular dark-field scanning TEM
(HAADF-STEM, ARM-200CF STEM, 200 keV) coupled
with electron energy loss spectroscopy (EELS). The EELS
system (Gatan GIF Quantum 965) recorded Mn L-edge and
O K-edge spectra at 0.3 eV/channel resolution in dual EELS
mode. Gas evolution during electrochemical activation was

Advanced electron microscopy characteri-

monitored via differential electrochemical mass spectrome-
try (DEMS, QAS 100 DEMS). Thermal analysis was per-
formed using the differential scanning calorimetry (DSC, Net-
zsch DSC 214) system with 10 °C/min heating rate. Prior to
testing, 4.8 V-charged cathodes underwent dimethyl carbonate
washing and glovebox drying to eliminate electrolyte residues.
The delithiated active material was subsequently blended with
1 M LiPFg in EC:DEC (3:7 v/v) electrolyte at 2 pl./mg mass
ratio. Sample encapsulation in pressurized crucibles effec-
tively suppressed volatilization during thermal scanning.

2.3. Electrochemical measurements

The cathode composite was formulated with 80% active
material, 10% conductive carbon, and 10% PVDF binder in
NMP solvent. Uniform slurry coating on aluminum foil was
achieved through controlled drying at 55 °C for 6 hours, yield-
ing electrodes with 10 mm diameter and 3—4 mg/cm? active
mass loading. Electrochemical cells (2032-type) were assem-
bled in an argon-filled glovebox (< 0.1 ppm O, & H;0) us-
ing the prepared cathode, Al,O3-coated polypropylene separa-
tor, lithium anode, and commercial electrolyte (Shanshan Ad-
vanced Materials). Initial activation involved 0.1 C cycling
(2.04.8 'V, 1 C =250 mA/g) followed by 1 C cycling stability
evaluation on a LAND test system. Electrochemical charac-
terization included cyclic voltammetry (CV, CH Instruments)
at 0.1 mV/s scan rate and impedance spectroscopy (EIS, Bio-
Logic SP-200) over 1 MHz-100 mHz with 5 mV AC pertur-
bation.

2.4. Theoretical calculation

Ordered and disordered structures were modeled from the
Li;MnOs3 phase (C2/m) with a target chemical composition
of LipgMn5Ni5O43. The low-energy state ordered structure
was constructed by enumerating all possible intralayer config-
urations using the Pymatgen code, followed by Ewald electro-
static energy summation. Disordered configurations were gen-
erated via the special quasirandom structure (SQS) approach
implemented in the ATAT toolkit.*®! For the specified com-
position (LizsMn5NisOgg), a cluster expansion was initiated
considering pair interactions up to 7.5 A, triplet interactions
within 4.5 A, and quadruplet interactions also within 4.5 A. All
the calculations were performed using density functional the-
ory (DFT) with the projector-augmented wave (PAW) method,

as incorporated in the Vienna Ab initio Simulation Package
(VASP). #0411 A]] calculations were spin-polarized and initial-
ized with a ferromagnetic configuration. The strongly con-
strained and appropriately normed (SCAN) functional was
employed for structural relaxation and energy calculation, [4*]
until the convergence criteria for energy and force were met,
set at 107> eV and 0.02 eV/A, respectively. A cutoff energy
of 520 eV was employed, with k-point sampling performed
using the Monkhorst—Pack grid, corresponding to a density of
~0.02A73.

3. Results and discussion

The precursor with a nominal composition of
Nig.16C09.16Mng 6sCO3 was synthesized via a coprecipi-
tation method.’’! Subsequent high-temperature lithiation
at a Li/TM molar ratio of 1.5 yielded the conventional
Li; »Nig.13C0q.13Mng 540, structure. To optimize bulk and in-
terfacial properties, we systematically adjusted the Li/TM ra-
tio (1.30-1.60) during lithiation, generating a series of LRMs
(denoted as P1.30-P1.60). Lower Li/TM ratios (< 1.50) were
selected to suppress grain growth!*} and structural defects
(e.g., metal site vacancies,/** Li/Ni cation mixing,'*! lattice
distortion[#61), thereby enhancing lithium-ion diffusion kinet-
ics and stabilizing the bulk framework. Concurrently, reduced
lithium content promotes the formation of a spinel/rock-salt
passivation layer at the surface, which improves interfacial
stability.[47]

All as-synthesized samples underwent rapid quenching in
an ice-water bath (denoted as Q1.30-Q1.60). As illustrated
in Fig. S1, XRD analysis revealed that Li-deficient samples
(P1.30-P1.40) exhibited impurity phases attributed to thermo-
dynamically driven phase separation during natural cooling,
which has been attributed to performance degradation. 8] As
depicted in Fig. S2, among pristine samples, P1.45 demon-
strated optimal specific capacity and cycling stability, fol-
lowed by P1.40 and P1.35 with minor impurities, while the
single-phase P1.50 showed inferior performance. Remark-
ably, quenching treatment universally enhanced electrochemi-
cal metrics across all samples. Notably, as shown in Figs. S3
and S4, the quenched Q1.40 achieved a phase-pure structure
and outperformed both its parent phase (P1.40) and the higher-
Li/TM counterpart Q1.45. This improvement can be ascribed
to suppressed phase separation and homogenized phase dis-
tribution, as evidenced by reduced impurity peaks in Q1.30
and Q1.35. To elucidate the mechanism behind the quenching-
enhanced performance, we conducted comparative studies be-
tween the optimized quenched sample (“Q-LRM” was used
to replace “Q1.40”) and its unmodified counterpart (“P-LRM”
was used to replace “P1.40”).
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3.1. Quenching-induced partial disorder in bulk phase

Figure 1(a) schematically illustrates the bulk and surface
structural evolution of P-LRM transitioning into Q-LRM af-
ter quenching treatment. The quenching of P-LRM contain-
ing lithium-depleted impurity phases in the bulk phase triggers
lithium extraction at the surface via H™/Li" ion exchange in
aqueous environments. This process generates a thicker and
more robust rocksalt/spinel passivation layer on the surface
while simultaneously eliminating lithium-depleted impurities
in the bulk. Concurrently, a partially disordered Li/TM layered
structure is introduced within the bulk phase. The synergistic
interaction between the modified bulk and surface structures
enhances oxygen activity while improving structural stability.
Figures 1(b) and 1(c) depict schematic representations of fully
ordered and disordered Li/TM arrangements in the TM layers
of LRM, respectively.

To qualitatively validate the necessity of quenching-
induced structural disorder, DFT calculations were performed
to compare the energies of fully ordered and disordered config-

(a)

—34.51

Energy (eV)

]0.21 eV
-~ - s
H

_— 1

—35.0

Or'der Disorder

Quenching

Partial disorder Li/TM -~
in the TM-layer

Rapid cooling to maintain
a high temperature phase

urations at 0 K and 1000 K using the thermodynamic relation
E=H-TS, (M

where E represents the total free energy (eV), H denotes en-
thalpy (eV), T is temperature (K), and S stands for entropy
(eV/K). Only configuration entropy was considered herein for
clarity. As demonstrated in Figs. 1(d), 1(e) and Table SI,
the ordered configuration exhibits a 0.21 eV energy advan-
tage over its disordered counterpart at 0 K, where entropy
contributions become negligible and enthalpy dominates the
thermodynamic landscape. This energy difference can be
largely modified at elevated temperatures (1000 K), where
entropy-driven stabilization reduces the energy of disordered
systems by 0.10 eV, consequently narrowing the energy gap
to 0.11 eV. The quenching process achieves kinetic trapping
of the metastable high-temperature disordered configuration
through rapid cooling, resulting in controlled disorder in the
bulk phase of LRMs. 4]

Rock-salt/spinel passivation layer

Lithium-poor domains

()
() —34.07 1000 K
N
2L
B —34.51
g
q — —) —
K 011 ev
— v -TS
—350 . : B |
Order Disorder

Fig. 1. (a) Schematic of the bulk and surface structures of the LRM cathode before and after quenching treatment. (b) Schematic diagram of ordered
intralayer atomic arrangement in TM layers. (c) Schematic of fully disordered intralayer atomic arrangement in TM layers. (d) and (e) DFT-calculated
energy differences between fully ordered and disordered Li/TM arrangements within the TM layer of LRM at 0 K and 1000 K, respectively.

3.2. Structural characterization

XRD analyses were conducted to investigate the struc-
tural evolution and lattice parameter variations between P-
LRM and Q-LRM. As shown in Figs. 2(a)-2(c), all major
diffraction peaks for both samples align with the -NaFeO,
structure (space group R-3m), except for three impurity peaks

observed in P-LRM. The weak peaks within 20°-25° corre-
spond to Li;MnOj superlattices (C2/m space group). The
three additional peaks in P-LRM at 15°-17°, 28°-30°, and
35°-37° are attributed to LiMnO, (Pmmn), LizMnsO, (Fd-
3m), and LiMnyO, (Fd-3m), respectively,[**! arising from
lithium deficiency-induced phase segregation during natural
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cooling under thermodynamic driving forces.[?*°! Rietveld
refinement of XRD patterns (Figs. 2(a), 2(b), Tables S2-S4)
reveals an expanded c-axis parameter in the R-3m phase of
Q-LRM, which facilitates lithium-ion diffusion through en-
hanced interlayer spacing. Magnification of the 20°-25° re-
gion (Fig. 2(d)) demonstrates reduced intensities for Li,MnO3
superlattice peaks (020)c, (110)c, and (—111)c, particularly
the (110)¢ reflection, indicating enhanced Li/Mn disorder.**!
SEM images (Fig. S4) confirm preserved spherical sec-
ondary particle morphology (~ 10 um diameter) for both ma-
terials. HRTEM analyses (Figs. 2(e) and 2(f)) reveal distinct
surface structural modifications. P-LRM exhibits lattice dis-
tortion near the surface with coexisting (003)r layered-phase
and (010)p LiMnO; (Pmmn) planes, consistent with the 15°—

17° impurity peak.>! In contrast, Q-LRM maintains a pristine
HAADF-STEM imaging (Figs. 2(g) and
2(h)) was employed to probe the atomic configurations. The

layered structure.

Z-contrast mechanism enables clear differentiation, where TM
columns appear bright, while Li columns remain dark.[>? P-
LRM displays ordered “bright-bright—dark” TM-TM-Li con-
figurations (Fig. 2(g)), characteristic of well-ordered Li,MnOs3
domains, as confirmed by intensity line profiles. Q-LRM ex-
hibits randomized Li/TM distributions (Fig. 2(h)) with partial
TM occupation at 2b Li sites and Li occupation at 4g TM sites,
evidenced by disordered intensity profiles. This TM-layer dis-
ordering enhances thermodynamic stability and Li* diffusion
kinetics, synergistically improving structural resilience and

electrochemical performance. 23!
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Fig. 2. Structural characterization of P-LRM and Q-LRM. (a) and (b) Rietveld refinement profiles of XRD patterns for (a) P-LRM and (b) Q-
LRM. (c) Comparative XRD patterns of P-LRM and Q-LRM. (d) Magnified view of (c) in the 20°-25° range. (e) and (f) HRTEM images of
(e) P-LRM and (f) Q-LRM; insets show enlarged regions and corresponding FFT patterns. (g) and (h) HAADF-STEM images along the [110]c
zone axis for (g) P-LRM and (h) Q-LRM; insets display structural schematics and intensity line profiles.

3.3. Multiscale surface analysis

Following the bulk structural analysis, we conducted
comprehensive surface characterization to elucidate the sur-
face structural evolution induced by quenching. HAADF-

STEM imaging along the [010] zone axis reveals distinct sur-
face structures between P-LRM and Q-LRM (Figs. 3(a) and

3(b)).

teristics, significant differences occur within the 5 nm sur-

While both materials maintain bulk layered charac-
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face region. P-LRM exhibits a 1 nm thick rocksalt/spinel
composite layer at the surface, as evidenced by the corre-
sponding FFT pattern (Fig. 3(a)). This surface reconstruc-
tion originates from lithium carbonate decomposition dur-
ing synthesis.!*’! In contrast, Q-LRM develops an extended
~ 4 nm disordered rocksalt/spinel structure through ice-water
quenching, as confirmed by combined STEM imaging and
FFT analysis of the surface region (Fig. 3(b)). The thick-
ened inert layer effectively stabilizes lattice oxygen while
suppressing surface parasitic reactions.>3 The lithium deple-
tion mechanism was investigated through ICP measurements
(Fig. S5 and Table S6), showing reduced Li/TM ratios in
quenched samples. Given identical precursors and synthesis
conditions, this lithium loss exclusively occurs at the surface
through Li*/H™ exchange during rapid quenching. The resul-

(a)

tant lithium vacancies facilitate TM cation migration, promot-
ing the formation of a stabilized surface structure.>*) Raman
spectroscopy further deciphers the short-range ordering within
surface structures (Figs. 3(c) and 3(d)). Deconvolution of vi-
brational modes identifies three coexisting phases: (1) the lay-
ered R-3m phase (483 cm~! E, bending mode, 591 cm™! Ajg
stretching mode); (2) C2/m Li;MnO3 component (413 cm™!
Ag mode); (3) Fd-3m spinel structure (657 cm~! Ajg Mn-O
vibration).’>! Notably, Q-LRM demonstrates enhanced Ay
mode intensity at 657 cm ™!, reflecting increased spinel phase
proportion. A systematic 5-8 cm~! blue shift across Raman
peaks suggests bond contraction and compressive stress within
the reconstructed surface layer, consistent with its thickened
architecture. 5!
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Fig. 3. Multiscale characterization of P-LRM and Q-LRM. (a), (b) HAADF-STEM images along the [010] zone axis for (a) P-LRM and (b) Q-
LRM; insets show structural models and FFT patterns. (c) and (d) Raman spectra of (c) P-LRM and (d) Q-LRM (380-750 cm™! range). (e) and
(f) XPS O 1s spectra for (e) P-LRM and (f) Q-LRM. (g) EELS O K-edge spectra comparison. (h) and (i) Mn 3s XPS spectra of (h) P-LRM and
(1) Q-LRM. (j) and (k) Mn 2p XPS spectra for (j) P-LRM and (k) Q-LRM.

Complementary XPS and EELS analyses reveal critical
The O 1s
spectra (Figs. 3(e) and 3(f)) show increased oxygen vacancy
concentration in Q-LRM, indicative of weakened TM 3d-O
2p hybridization.>”! This is corroborated by EELS O K-edge

changes in surface chemistry (Figs. 3(e)-3(k)).

spectra (Fig. 3(g)), where the diminished pre-edge peak in-
tensity (530-535 eV) confirms reduced TM-O covalency. %]
Mn valence state analysis through 3s splitting energy demon-
strates a decrease from +3.94 in P-LRM (4.51 eV splitting) to
+3.54 in Q-LRM (4.83 eV splitting, Figs. 3(h) and 3(i)) (the
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equation can be found in Section 2).13! Concurrently, Mn 2p
spectra (Figs. 3(j) and 3(k)) reveal elevated Mn3t content, su g-
gesting surface enrichment of low-valent spinel phases (e.g.,
LiMn,0O4). Figure S6 presents the EELS characterization of
the surface (2 nm) and bulk (10 nm) regions of P-LRM and Q-
LRM. The valence state of Mn is typically determined by the
ratio of Mn L-edge L3 to L. (191 As shown in Fig. S6(a), the in-
creased L3 /L, ratio on the treated surface indicates a reduction
in the Mn valence state, suggesting the occurrence of reduc-
tion. This phenomenon may be attributed to surface lithium
deficiency and elevated oxygen valence state, which is consis-
tent with the XPS results. Figure S6(b) demonstrates that anal-
ysis of the original Ni L-edge and Co L-edge reveals no peak
shifts in either the surface or bulk phases of P-LRM. However,
Q-LRM exhibits a slight shift of peaks towards lower energy,
indicating a reduction in the valence states of Ni and Co in Q-
LRM. The decrease in TM valence states is associated with the
formation of a surface disordered phase, providing further ev-
idence from the perspective of electronic valence states for the
generation of the surface disordered phase.!®®! These changes
in oxygen coordination and manganese oxidation state collec-
tively contribute to enhanced oxygen retention and structural

stability. >4
30
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3.4. Oxygen activity and structural stability

To systematically evaluate the evolution of oxygen ac-
tivity and structural stability, comprehensive investigations
combining theoretical calculations, electrochemical charac-
terization, in situ DEMS, and DSC were conducted on both
P-LRM and Q-LRM. DFT calculations reveal enhanced oxy-
gen redox activity in Q-LRM, as evidenced by the elevated
density of states (DOS) near the Fermi level in O 2p orbitals
(Fig. 4(a)). CV profiles (Fig. 4(b)) demonstrate intensified
oxidation peaks above 4.5 V corresponding to O2~/O2 ")~
redox reactions in Q-LRM, with a reduced oxygen oxida-
tion onset potential (4.66 V vs. 4.69 V for P-LRM), while
Q-LRM demonstrates a higher first-cycle reduction peak po-
tential than that of P-LRM. These observations suggest that
Q-LRM not only facilitates the reduction of oxygen redox
activation potential but also effectively mitigates the oxygen-
induced voltage hysteresis.!!>1 Analysis of dQ/dV curves
over 200 cycles (Fig. S7) reveals sustained enhancement in
both TM redox activity (below 4.4 V) and oxygen redox re-
versibility, synergistically contributing to superior capacity re-
tention and cycling stability.[%") Critical stability assessments
through in sitru DEMS (0.1 C initial cycle) show significantly
suppressed O, and CO; evolution in Q-LRM (Fig. 4(c)),

(b)
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Fig. 4. (a) DFT-calculated O 2p DOS plots of P-LRM and Q-LRM. (b) CV curves of P-LRM and Q-LRM tested at 0.1 mV-s~! between 2 V and
4.8 V. (c) In situ DEMS profiles of P-LRM and Q-LRM during the first-cycle charge at 0.1 C (1 C =250 mA- g’1 ,2-4.8 V). (d) DSC analysis of

delithiated P-LRM and Q-LRM charged to 4.8 V.
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indicating enhanced electrochemical compatibility with elec-
DSC thermo-
grams quantitatively demonstrate improved thermal resilience:

trolytes despite increased oxygen activity.

Q-LRM exhibits a delayed exothermic onset temperature
(256.6 °C vs. 242.4 °C for P-LRM) and reduced total heat re-
lease (1663 J-g~! vs. 1719 J-g~!). These improvements stem
from dual bulk-surface modifications that simultaneously sta-
bilize lattice oxygen through cation disordering while passi-
vating surface reactive sites. Collectively, Q-LRM achieves an
optimal balance between high oxygen redox activity, structural
integrity, and thermal safety.

3.5. Electrochemical performance evaluation

To investigate the impact of quenching treatment on the
electrochemical performance of LRM, a series of electrochem-
ical tests were conducted. Initial charge—discharge profiles at
0.1 C within the voltage range of 2.0-4.8 V are shown in
Fig. 5(a). The profiles exhibit two distinct regions: TM oxi-
dation below 4.5 V and oxygen redox activity above 4.5 V.[61]
The Q-LRM demonstrates a higher initial discharge capacity

of 307.4 mAh-g~! compared to 292.2 mAh-g~! for P-LRM.

The enhanced capacity below 4.5 V correlates with improved
TM redox activity, which is consistent with previous struc-
tural analyses. The shortened high-voltage plateau and re-
duced oxygen over-oxidation contribute to increased Coulom-
bic efficiency (92.15% vs. 85.15%), attributed to the enhanced
reversibility of lattice oxygen redox and the suppressed sur-
face oxygen loss. Cycling performance at 1 C (Fig. 5(b))
reveals significantly improved stability for Q-LRM, retaining
94.12% capacity after 200 cycles versus 89.94% for P-LRM.
Furthermore, the critical challenge of voltage decay in LRMs,
which hinders commercialization, is notably mitigated in Q-
LRM (Fig. 5(c)). This suppression likely stems from inhibited
structural evolution and TM migration. Rate capability tests
(Fig. 5(d)) demonstrate superior kinetics in Q-LRM across
varying current densities (0.1 C to 5 C), resulting from syn-
ergistic effects of bulk partial disorder, surface spinel phase
formation, and oxygen vacancy generation. The expanded Li
layer spacing induced by in-plane disordering enhances Li*
transport kinetics, while surface oxygen vacancies and the
three-dimensional channels of the spinel phase provide addi-

tional lithiation sites and faster ion diffusion pathways.>*6?]
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Fig. 5. Electrochemical performance evaluation. (a) Initial charge/discharge profiles at 0.1 C. (b) Cycling stability at 1 C under room temperature.
(c) Normalized capacity differential curves during discharge. (d) Rate capability across various current densities. (e) High-temperature (60 °C)
charge/discharge profiles at 0.1 C. (f) Elevated-temperature cycling performance at 1 C. (g) Nyquist plots of EIS after initial activation, with
inset showing the equivalent circuit model. (h) Evolution of EIS spectra at selected cycles (1st, 10th, 50th). (i) Comparative evaluation of
electrochemical performance between this work and reported representative modified LRMs.
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Elevated-temperature evaluations at 60 °C (Figs. 5(e) and
5(f)) highlight Q-LRM’s thermal stability,
320.34 mAh-g~! initial discharge capacity at 0.1 C and main-
taining 98.32% capacity retention at 1 C. In contrast, P-LRM
suffers rapid failure due to severe electrolyte decomposition

delivering a

and interfacial side reactions.

EIS analysis (Figs. 5(g) and 5(h)) confirms Q-LRM’s
optimized kinetics, with lower interfacial resistance (R. =
2.101 Q) and charge transfer resistance (R, = 285.8 Q) com-
pared to P-LRM (2.665 Q and 366.5 Q, respectively). It
is well-established that conventional bulk-disordered materi-
als typically exhibit poor lithium-ion transport properties. (3]
However, the bulk structural disorder introduced in this study
is specifically partial and confined to transition metal (TM)
layers. This controlled disorder, combined with the cre-
ation of additional lithium vacancies,®* synergistically en-
hances the lithium-ion mobility. Furthermore, the three-
dimensional spinel-like surface channels contribute to im-
proved ionic transport pathways.!>3! These combined modi-
fications collectively result in reduced ohmic resistance (R.)
and charge transfer resistance (R.) in the treated samples,
as evidenced by electrochemical impedance measurements.
The impedance evolution during cycling further validates Q-
LRM’s structural stability against ion-blocking phase forma-
tion. A comparative analysis with state-of-the-art modified
LRMs (Fig. 5(i), Table S7) positions Q-LRM as a leading can-

didate, surpassing most reported systems in both initial capac-

ity (> 300 mAh-g~!) and cycling stability. In addition, com-
pared to existing modified LRM materials, this system exhibits
advantages in voltage attenuation control, with a measured
decay rate of 1.306 mV/cycle. Furthermore, it compares fa-
vorably with most Co-free LRMs that typically demonstrate
better voltage stability performance (Fig. S10 and Table S7).
This performance breakthrough originates from the synergis-
tic effects of bulk and surface modifications: partial Li/TM
disordering in the bulk enhances structural stability while pre-
serving oxygen redox activity, whereas the rocksalt/spinel
composite surface layer suppresses TM dissolution and irre-
versible oxygen loss. Concurrently, expanded interlayer spac-
ing and three-dimensional surface channels synergistically ac-
celerate Li™ diffusion. These collective bulk-surface optimiza-
tions provide new insight into the design of high-performance
lithium-rich cathodes with balanced energy density and dura-
bility.

3.6. Structural and interfacial evolution analysis

To further elucidate the working mechanism of quench-
ing treatment and its impact on electrochemical behavior,
comprehensive investigations were conducted on the bulk
structural evolution and interfacial dynamics of P-LRM
and Q-LRM. Operando XRD analysis during the initial
charge—discharge cycle (Figs. 6(a) and 6(b)) reveals distinct
structural evolution patterns. During charging, continuous

lithium extraction from the lithium layer intensifies interlayer

Q-LRM
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Fig. 6. Structural and interfacial evolution analysis. (a)—(b) Operando XRD patterns with corresponding galvanostatic profiles of P-LRM and
Q-LRM during initial cycling. (c) Representative TEM images after 1st charge/discharge cycle. (d)—(e) Post-cycling TEM characterization after

200 cycles. (f)—(g) Comparative F 1s XPS spectra after 200 cycles.
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electrostatic repulsion, expanding the interlayer spacing as
evidenced by the low-angle shift of the (003) peak (18.5°-
19.5°). Subsequent oxygen activation at higher voltages trig-
gers cation migration from TM layers to lithium layers, con-
tracting interlayer spacing and causing a high-angle (003)
peak shift.[3362] Notably, Q-LRM exhibits significantly re-
duced (003) peak displacement compared to P-LRM through-
out the first cycle, indicating enhanced lattice rigidity that ac-
commodates lithium intercalation with minimized structural
distortion, thereby suppressing irreversible phase transitions
during prolonged cycling. Post-cycling TEM characteriza-
tion (Fig. 6(c)) demonstrates superior structural integrity in
Q-LRM after the first cycle, maintaining a well-defined lay-
ered morphology compared to the spinel formation in P-LRM.
After 200 cycles (Figs. 6(d) and 6(e)), P-LRM exhibits a
thick spinel-like layer, while Q-LRM preserves a near-surface
layered structure beneath a thin amorphous coating. Com-
plementary ex sirzu XRD analysis (Fig. S8) confirms acceler-
ated degradation in P-LRM: significant (003) peak shift and
emergence of spinel (101) shoulder contrast with diminished
(107) peak intensity, whereas Q-LRM retains stable crys-
tallinity with minimal peak shift. XPS analysis of cycled
electrodes (Figs. 6(f), 6(g), and S9) provides interfacial in-
sights. Q-LRM shows attenuated Li—F signals and enhanced
C-F bonding in F 1s spectra, indicating suppressed electrolyte
decomposition.[®>) Mn 2p spectra reveal severe manganese
dissolution in P-LRM (peak intensity loss) compared to the
preserved TM coordination in Q-LRM. These findings col-
lectively demonstrate that quenching modification simultane-
ously enhances bulk stability and interfacial compatibility.

4. Conclusion and perspectives

In summary, this study demonstrates a facile and
cost-effective strategy for concurrent bulk—surface modifica-
tion of LRMs, effectively eliminating lithium-deficient sec-
ondary phases while significantly enhancing specific capac-
ity (307.4 mAh-g~! vs. 292.2 mAh-g~!) and cycling stabil-
ity (94.12% vs. 89.94% retention after 200 cycles). System-
atic characterization and computational analysis reveal that the
one-step bulk-surface modifications preserve oxygen redox
activity while maintaining structural stability. Specifically,
partial Li/TM disordering within the bulk structure enhances
oxygen redox reversibility while stabilizing the lattice frame-
work. Meanwhile, a rocksalt/spinel composite surface layer
effectively suppresses interfacial side reactions, mitigates sur-
face oxygen loss, and inhibits near-surface phase transfor-
mations, thereby reinforcing structural integrity. This dual-
modification design strategy resolves the longstanding trade-
off between high capacity and structural degradation, offer-
ing new insights for designing next-generation high-energy-
density cathode materials.
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