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Excellent electrochemical
performance in multiple scenarios

ABSTRACT: The development of strategies to inhibit
structural degradation and surface side reactions is the
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(OVs) defects, and surface coating of S, N-doped
carbon nanolayers (SNCN). The integration of Mo®*
doping and OVs defects widens and stabilizes the Li*
diffusion channel, and the surface coating of SNCN
provides additional electrons for LMNCO in the
conduction band region, achieving a simultaneous
improvement in both ionic and electronic conductivity.
Meanwhile, Mo®* doping and OVs mitigate the
irreversible phase transitions caused by oxygen loss and transition metal (TM) out-of-plane migration, while SNCN inhibits
the corrosion of the electrolyte on the material surface and enhances the stability of the surface structure. Benefiting from
the synergistic effect of these modifications, the structural evolution of the modified material is highly reversible, and the
layered structure remains intact during repeated lithiation/delithiation processes, while the mechanical properties of material
are also improved, effectively suppressing crack generation and TM dissolution. As a result, at room temperature (25 °C),
the modified cathode demonstrates a high capacity retention of 94.6% after 200 cycles at 1 C, and a high rate capacity of
161.0 mAh-g™ at 5 C. Especially, under harsh conditions, the capacity retention is 76.3% after 150 cycles at 55 °C and 1 C.
This work provides a new solution for developing advanced LMNCO cathode materials.

Triple modified Li-rich

KEYWORDS: cathode materials, lithium-rich manganese-based layered oxides, oxygen vacancies, Mo® doping, S, N-

doped carbon nanolayers

1 Introduction

The development of cathode materials with low cost and high
energy density represents a significant avenue for the accelerated
evolution of lithium-jon batteries (LIBs) in the domain of power
vehicles and energy storage devices [1, 2]. The lithium-rich
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manganese-based  cathode materials  Li; ,Mn5,Nig;3C0y150,
(LMNCO) achieve a high specific capacity of > 300 mAh-g" by
their unique anionic/cationic joint involvement in the redox
mechanism [3-5]. Besides, abundant Mn reserves on Earth help
reduce the cost of LMNCO. However, LMNCO is still hampered by
several problems in practical applications, including low initial
Coulombic efficiency (ICE), serious capacity/voltage decay, and
poor rate performance [6]. This is because, in order to obtain a
higher specific capacity, LMNCO typically triggers anionic redox
reactions at high voltage, which causes significant Li removal and
oxygen loss. Meanwhile, transition metal (TM) is prone to out-of-
plane migration towards the Li layer during cycling, driving an
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irreversible phase transition from layered structure to spinel and
rock salt structures [7, 8]. In addition, conventional carbonate-
based electrolytes will cause uncontrolled side reactions with
LMNCO surfaces at high voltage, accelerating TM dissolution and
particle degradation (Fig. 1(a)) [9, 10].

To mitigate structural degradation, doping strategies that can
effectively block the TM migration path and stabilize the lattice
oxygen have been reported many times. The doping elements
usually have two selective criteria, namely, no redox activity and
strong TM-O binding energy. Correspondingly, Sb [11], Al [12],
Ta [13], Nb [14], and Zr [15] all show good modification effects.
Recently, we have found that high-valence-state Mo* doping
contributes to reducing the Coulomb repulsion among the three
unpaired electrons in t,, orbitals of Mn*, and promoting the
strength of covalent Mn*-O* bond, thereby strengthening the
stability of the main structural framework, and mitigating the
structural collapse as well as the irreversible phase transition in the
deep delithiation state [16]. Although these doping strategies have
alleviated the structural instability, they could not effectively inhibit
the corrosion of the electrolyte on the active material surface
(Fig. 1(b)). That is, it is difficult for a single modification strategy to
both improve the structural stability of the surface and the bulk.

To inhibit the electrochemical decay of LMNCO caused by both

internal reactions and external factors, the doping and coating
synergistic modification strategy has been reported. Generally, the
coating materials are mainly focused on metal oxides [17], fast ion
conductors [18], carbon materials [19], and fluorides [20]. Among
them, carbon coating has attracted the most attention, owing to its
excellent conductivity and flexibility. It can not only effectively
improve the electron transport rate of LMNCO but also mitigate
surface side reactions and volume changes of particles during
cycling. For instance, synergistic strategy of B* doping and carbon
coating has enhanced the electronic conductivity of the materials,
reduced the internal resistance of the batteries, and resisted erosion
by electrolytes, thereby improving the structural and cycling
stability of materials [21]. Likewise, synergistic strategy of bulk K*
doping and amorphous carbon coating has proved to be helpful in
stabilizing the lattice oxygen and restraining the structural
distortion in LMNCO, thereby effectively suppressing changes in
lattice parameters and the formation of microcracks during cycling
[22]. However, the lack of strong covalent bonding between the
carbon coating and the host material may lead to coating cracking
and detachment in the long cycle process, thereby accelerating
capacity decay. Thus, the introduction of anion defects into the
carbon coating has come into view [23]. It can not only strengthen
the strong coupling effect between anions and TM in the LMNCO
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Figure1 ((a) and (b)) Degradation schematics of (a) pristine LMNCO and (b) Mo doping LMNCO. ((c) and (d)) Modification and synthesis schematics of LMNCO-

M@SNCN.
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but also improve the pore structure, thereby enhancing the
electronic conductivity and cycling stability of the carbon coating,

Although the doping and coating synergistic modification
strategy improves the performance of the LMNCO significantly,
performance degradation still occurs under harsh conditions (such
as high temperature and high rates), due to the serious surface
oxygen loss. Current research indicates that increasing the
concentration of oxygen vacancies (OVs) on the LMNCO surface
to reduce the coupling of O-O dimers is one of the most effective
strategies for suppressing oxygen loss under extreme conditions
[24]. That is, developing a strategy that can face the three challenges
of stabilizing the bulk-surface structure, enhancing the coupling
between the coating and active materials, and suppressing
irreversible oxygen loss under harsh conditions is crucial for
accelerating the large-scale application of LMNCO.

Herein, LMNCO is triply modified from the inside to the
outside, by bulk Mo®* doping, fabricating OVs defects, and surface
coating of S, N-doped carbon nanolayers (SNCN). During
pyrolysis, the reduction properties of CH,N,S and C,H,O, facilitate
the formation of OVs and increase the content of Mn*. More than
that, the abundant S/N co-doped defects in SNCN enhance the
connection with LMNCO. The results indicate that the SNCN
provides additional electrons for the LMNCO in the conduction
band region, while Mo* doping and OVs widen and stabilize the
Li* diffusion channel, achieving a simultaneous improvement in
ionic and electronic conductivity. As a result, the modified material
effectively mitigates the oxygen loss and irreversible phase
transition, inhibits the corrosion of active materials by adverse
interfacial reactions, and thus ensures excellent structural and
mechanical stability during cycling process (Fig. 1(c)). This work
provides a new direction for advanced LMNCO, which helps to
break the bottleneck of commercial application.

2 Methods

2.1 Material synthesis

The pristine LMNCO was synthesized via the precipitation method.
Firstly, = Mn(CH,;COO),4H,0, Ni(CH;COO),4H,0, and
Co(CH;COO0),4H,0 were dissolved fully in deionized water
according to the stoichiometric ratio to form a mixed metal
solution. At 75 °C, the precipitant consisting of a mixture of
Na,CO; and NaOH was slowly dripped into the mixed metal
solution until pH = 8. Then, the precipitation was calcined in a
muffle furnace at 450 °C for 5 h to obtain the precursor. After
thorough mixing with CH,COOLi2H,O, the precursor was
calcined at 900 °C for 12 h to obtain the pristine LMNCO.
Similarly,  Li;,Mngs53Nig13C013M0p0,0,  (LMNCO-M)  was
synthesized with the addition of (NH,);Mo,0,,4H,0. The
synthesis of LMNCO-M@SNCN (LMNCO-M@SNCN) was
achieved by dispersing the as-prepared LMNCO-M in a mixed
solution composed of CH,N,S (2 wt.%) and CHgOg (1 wt.%),
followed by heating at 400 °C for 3 h under Ar atmosphere. The
synthesis and modification schematic is given in Fig. 1(d).

2.2 Electrochemical measurements

The electrochemical tests were performed on CR2025 coin cells. To
obtain the working cathode, the active material, carbon black and
polyvinylidene fluoride (PVDF) were uniformly mixed in N-methyl-
1,2-pyrrolidone with the ratio of 80 wt.%:10 wt.%:10 wt.%, followed
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by coating on an aluminium foil and then dried at 110 °C. In the
coin cells, 1 M LiPF4 in ethyl carbonate/diethylene carbonate
(EC/DEC, 1:1 in volume) and metal Li were used as electrolyte and
anode, respectively. Cycle performance, rate capability, and
galvanostatic intermittent titration technique (GITT, galvanostatic
charging/discharging and settling times were 10 and 30 min,
respectively) were performed on the Land test system (CT2001A,
Wuhan). The leakage current was tested by a DH7006B
electrochemical workstation (Dong Hua, Jiangsu) by initially
charging the sample to 4.8 V at a 0.1 C rate, followed by holding at
4.8 V for 3 h while monitoring the current variation. The potential
resolved in-situ electrochemical impedance spectroscopy (PRIs-EIS)
was tested by a CHI660E electrochemical workstation (CH
instruments Inc., China), by recording the change of EIS with the
voltammetric scanning process, from the open-circuit voltage to
4.8 V, with a jump amplitude of 5 mV, in the frequency range of
0.01 Hz-100 kHz.

2.3 Material characterizations

The crystal structure was characterized by X-ray diffraction (XRD,
Rigaku Smart Lab) in 26 range of 10° to 90° with a scanning rate of
2 °min™. The XRD Rietveld refinements were carried out using the
software of General Structure Analysis System 2 (GASA2). The
morphology and elemental distribution of samples were identified
by scanning electron microscopy (SEM, CIQTEK Co., Ltd.
FESEM5000) and energy dispersive X-ray spectrometry (EDS). The
microstructure of samples was acquired by high-resolution
transmission electron microscopy (HRTEM, JEOL JEM-F200 type).
The OVs of samples were identified by electron paramagnetic
resonance (EPR, Bruker E500 type). The elemental composition
and valence state were identified by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha type). Gas evolution
analysis in batteries was performed by differential electrochemical
mass spectroscopy (DEMS, Linglu QMG100). The electronic work
function and Young’s modulus of the samples were measured using
an atomic force microscope (AFM, Park NX10). The electronic
conductivity of the samples was obtained with four-point probes
(RTS-9). The dissolved amounts of metallic elements were detected
using inductively coupled plasma optical emission spectroscopy
(ICP-OES, Thermo Scientific iCAP PRO).

24 Density functional theory (DFT) calculations

DFT calculations were performed in MedeA software using the
Vienna ab-initio simulation package (VASP), adopting the
projector-augmented wave (PAW) approach. To treat the exchange-
correlation effects, the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) function was obtained. The
TM electronic structure was corrected using the GGA + Hubbard
parameter (U) method, and the U value for the Mn 3d state was
4.0 eV. The plane-wave cutoff energy for each structure was 520 eV,
and the convergence criteria for energy and force were 1 x 10° eV
and 0.02 eV-A", respectively.

3 Results and discussion

The Rietveld refinement of XRD patterns of LMNCO-M@SNCN
and LMNCO are shown in Fig. 2(a) and Fig. S1(a) in the Electronic
Supplementary Material (ESM). The sharp diffraction peaks of both
samples precisely match the hexagonal a-NaFeO, structure (space
group: R3m). The weak peaks in the range of 20°-23° correspond

Nano Research, 2025, 18, 94907813
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Figure2 (a) Rietveld analysis of XRD patterns, (b) SEM image, (c) HRTEM image, and (d) GPA image of LMNCO-M@SNCN. (e) EPR spectra of LMNCO and
LMNCO-M@SNCN. (()-(i)) XPS spectra of (f) O 1s, (g) Mn 3s, (h) Mn 2p, and (i) the statistical graph about the content of Mn*/Mn* and lattice O/OV's for LMNCO

and LMNCO-M@SNCN.

to the superlattice structure of the Li,MnO; phase (space group:
C2/m) [25]. The fitting results in Table S1 in the ESM show that
the lattice parameters ¢ and V of LMNCO-M@SNCN are slightly
increased compared to LMNCO, which is attributed to the
occupation of the TM site by Mo* with larger ionic radius. The
widening of the ¢ value facilitates the expansion of Li* diffusion
channel, resulting in improved rate performance of the electrode
and alleviated polarization. Figure 2(b) and Fig. S1(b) in the ESM
show the SEM images of the two samples. By comparison, the
LMNCO-M@SNCN surface is rougher, suggesting that the
products derived from the pyrolysis of CH,N,S and C{HgOq are
reorganized with the surface of the active materials.
Correspondingly, EDS mapping confirms that the elements of C, N,
and S are uniformly distributed on the LMNCO-M@SNCN surface
after reorganization (Figs. S2(a) and S2(b) in the ESM). Besides, the
signals of Mo* and C forming chemical bonds with N and S were
captured by XPS spectra in LMNCO-M@SNCN (Figs. S2(c)-S2(e)
in the ESM). Moreover, HRTEM was further applied to analyze the
surface structure of LMNCO-M@SNCN. As shown in Fig. 2(c),
SNCN coating with a thickness of about 5 nm appears on the
LMNCO-M@SNCN surface, and the fast Fourier transform (FFT)
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images of the coating region (II) are different from that of the bulk
region (I), that is, the ordered arrangement of halo dots almost
disappeared. Additionally, the smooth and uniform red streaks in
the geometric phase angle analysis (GPA) demonstrate that the
coating is uniformly wrapped around the particle surface
(Fig. 2(d)). The uniform and thin SNCN coating on the LMNCO-
M@SNCN surface can improve electrochemical performance by
inhibiting  electrolyte ~corrosion and providing excellent
conductivity.

The EPR spectra of both samples are shown in Fig. 2(e), and the
g-factor of 2.003 is the characteristic response signal of the OVs.
Compared with LMNCO, the signal peak of LMNCO-M@SNCN is
sharper, indicating enhanced OVs concentration on the modified
sample surface. Moreover, the XPS spectra of O 1s further validate
this result. As shown in Fig. 2(f), the relative area of the OV’ signal
peaks (531.6 eV) in LMNCO-M@SNCN increased from 35.78% in
LMNCO to 72.28% [26]. We believe that the increase in OVs
concentration originates from the gas—solid reaction between NH,,
the decomposition product of CH,N,S, and the lattice oxygen on
the LMNCO-M@SNCN surface. Besides, in the Mn 3s spectra
(Fig. 2(g)), the spacing of the split peaks of the modified sample

\\\\\\\\\\\\\\\\\
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increased from 4.4 to 4.9 eV, indicating that the valence state of Mn
gradually decreased from +4 to +3 [27]. Subsequently, fitting results
of the Mn 2p;, split peak reveal that the relative area of the Mn™
peak increases from 30.93% of LMNCO to 71.47% of LMNCO-
M@SNCN (Fig. 2(h)). The increased Mn* content in LMNCO-
M@SNCN is related to the reducing action of CH,N,S and C;HOy
at high temperatures. From the above, compared to pristine
LMNCO, the modified LMNCO-M@SNCN exhibits higher OVs
concentrations and Mn* content (Fig. 2(i)).

Various electrochemical tests were performed to evaluate the
effects of triple modification strategy with Mo* doping, OVs
defects, and SNCN coating layer on the electrochemical
performance. Firstly, the initial charge/discharge curves of
LMNCO/Li and LMNCO-M@SNCN/Li half-cell are shown in
Fig. 3(a). Each sample exhibits the typical redox characteristic of the
Li-rich layered oxide. The initial discharge capacity of LMNCO-
M@SNCN/Li cell is 268.7 mAh-g”, significantly higher than that of
LMNCO/Li cell (247.2 mAh-g"). Meanwhile, the ICE increases
from 65.6% to 77.8% after triple modification. To clarify the main
reasons for the improvement of LMNCO-M@SNCNY/LI cells, the
interfacial stability and anionic reversibility of both samples were
analyzed by leakage current (chronocurrent method) and DEMS

tests. In leakage current curves (Fig. S3(a) in the ESM), the lower
current density of LMNCO-M@SNCN/Li cell indicates that the
side reactions at surface are well suppressed. In DEMS spectra (Fig.
S3(b) in the ESM), a significant amount of O, is detected in pristine
LMNCO, with the peak concentration of 0.0818 yumol'min™. In
contrast, no obvious peak is observed in DEMS spectra of LMNCO-
M@SNCN, indicating the suppression of irreversible oxygen loss
and resulting in an enhanced reversibility of anions. Therefore, we
believe that the increased discharge capacity of LMNCO-M@SNCN
originates from the enhanced charge transfer kinetics among active
materials by SNCN, and the reduction of active Li* loss by
mitigating interfacial side reactions. Meanwhile, Mo® doping and
OVs enhance the anion redox reversibility, thereby significantly
improving the ICE of LMNCO-M@SNCN.

Figure 3(b) and Fig. S4(a) in the ESM display the cycling
performances of both samples within charge/discharge rates of 1
and 0.2 C (1 C = 250 mA-h™) at the voltage range of 2.0-4.8 V. At
each discharge rate, the discharge capacity and cycling stability of
LMNCO-M@SNCN are superior to those of LMNCO. For
example, LMNCO-M@SNCN/Li cell maintains a discharge
capacity of 193.1 mAh-g™ at 1 C after 200 cycles, with a capacity
retention rate of 94.6%. This is a significant improvement over
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performance comparison between LMNCO/Li and LMNCO-M@SNCNY/Li cells in the form of radar image.
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LMNCO/LI cell, which has capacity retention rate of only 78.2%. As
shown in the corresponding dQ/dV (Q represents charge capacity
and V represents voltage) curves of Figs. 3(c) and 3(d), although the
reduction peaks of both cells at around 3.0 V gradually shift to
lower voltages as the cycle progresses, the voltage drop of
LMNCO/Li cell (AV = 0.61 V) is higher than that of LMNCO-
M@SNCN/Li cell (AV = 0.46 V) after 200 cycles. It indicates that
LMNCO has undergone an irreversible phase transition from
layered to spinel structure [28]. Moreover, we tested the cycling
performance of cells at a high temperature of 55 °C with the rate of
1 C (Fig. S4(b) in the ESM). Obviously, LMNCO-M@SNCN/Li cell
has better cycling stability with a capacity retention of 76.3% after
150 cycles, which is significantly higher than that of 42.1% for
LMNCO/Li cell. In addition, the rate performance of Fig. 3(e)
further highlights the excellent electrochemical performance of
LMNCO-M@SNCN/Li cell. The discharge capacity of LMNCO-
M@SNCN/Li cell is 161.0 mAh-g' at 5 C, with the capacity
retention of 73.6% compared with 0.2 C, which is much higher
than the 139.2 mAh-g and 64.5% of LMNCOY/Li cell, respectively.

To demonstrate the superiority of our work, we compared the
cycling performance of triply modified Li-rich materials with those
reported in earlier literatures [29-36] (Fig. 3(f)). It can be seen that
the as-synthesized LMNCO-M@SNCN has the best cycling
stability. Besides, to present the data visually, electrochemical
performances were compared in the form of radar image in
multiple directions (Fig. 3(g)). The results confirm that LMNCO-
M@SNCN has better cycling stability and discharge capacity in
various application scenarios, especially under harsh conditions.

To elucidate the mechanism of the enhanced electrochemical
performance of LMNCO-M@SNCN, we investigated the kinetic
properties of electron and ion transport for both samples. Firstly,
the electron work function (®,) of LMNCO and LMNCO-
M@SNCN was analyzed using the Kelvin probe force microscopy
(KPFM) model of AFM. The @, describes the difference between

eV (b)S.O

42

&
=)

~ ~
g g

= 418 =3.0
(0] (0]

2 250
< s+ .
2 A

A A

1.0 g%

1.0 2.0 3.0 4.0 5.0 0.0

LMNCO-M@SNCN

1.0 2.0 3.0 4.0 5.0

the vacuum energy level (E,) and the Fermi energy level (E;), and
the smaller the value of @, the more susceptible the materials are to
escape of electrons. The three-dimensional morphology of the
measured area is given in Figs. S5(a) and S5(b) in the ESM, and the
height difference between the two samples is basically equal. The
corresponding potential distributions of the two samples are shown
in Figs. 4(a) and 4(b). Subsequent statistical digitization of the
potential distribution (Fig. 4(c)) reveals that the signal peak of @,
for LMNCO-M@SNCN at 3.82 eV is lower than that of LMNCO at
3.95 eV. It indicates a faster electron transfer kinetics among the
active materials in LMNCO-M@SNCN, which is conducive to
improving the rate performance of the electrodes and alleviating
polarization. In addition, we have conducted conductivity tests on
two samples using the four-probe technique, and the results also
confirm that the electronic conductivity of LMNCO-M@SNCN is
significantly improved (Fig. S5(c) in the ESM). To elucidate the
enhancement mechanism of the LMNCO-M@SNCN electron
transport rate, we analyzed the electronic structures of the two
samples using density of states (DOS) calculations in DFT theory
(Figs. 4(d) and 4(e)). Compared with LMNCO, the C increases the
density of electronic states in the conduction band region near the
Fermi level of LMNCO-M@SNCN, and the energy band gap
reduces from the pristine 0.46 to 0.13 eV, indicating that LMNCO-
M@SNCN has higher electron conductivity. This is consistent with
the results of KPFM and four-probe tests. Besides, the Li* diffusion
coefficients (Dy;+ ) of the two samples were calculated by the GITT
technique, as shown in Fig. 4(f). It is obvious that the average D,
of LMNCO-M@SNCN is 6.9108 x 10™ cm?s”, which is about
twice as much as the 3.8326 x 10™ cm*s” of LMNCO in the
lithiation stage. Therefore, for LMNCO-M@SNCN, the SNCN
provides additional electrons to the conduction band, thus
effectively increasing the electron transfer rate among the active
materials. Meanwhile, the synergy of Mo doping and OVs
fabrication broadens and stabilizes the Li* diffusion channel,
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Figure4 ((a) and (b)) The potential distribution, (c) the normal distribution of work function, and ((d) and (e)) the DOS images of LMNCO and LMNCO-M@SNCN.

(f) GITT curves and the corresponding log D, of LMNCO and LMNCO-M@SNCN.
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improving the kinetic properties of Li™. That is, LMNCO-
M@SNCN achieves simultaneous improvement in ionic and
electronic conductivity, thus significantly enhancing the rate
performance.

To reveal the synergistic effect of bulk Mo doping, surface OV's
defects, and SNCN coating on the structural stability of the
materials, the in-situ electrochemical XRD was performed to
analyze the reversibility of the structural evolution during the initial
cycling. As shown in Figs. 5(a) and 5(b), the intensity of the red
color reflects the intensity change of (003), (104), and (108)/(110)
diffraction peaks. Among them, the obvious (108)/(110) splitting
peaks of the two samples indicate that the layered structure of the
materials remains intact during the charge-discharge process. The
(003) peaks of LMNCO and LMNCO-M@SNCN shift toward
lower angle during charging, which is attributed to the enhanced
electrostatic repulsion between adjacent oxygen layers during
delithiation, resulting in increased interlayer spacing. During the
subsequent discharge process, the (003) peak progressively returns
to its initial position, indicating the reversible intercalation of Li*
into the crystal lattice. After ending the cycle, the (003) peak of
LMNCO-M@SNCN exhibits merely a 0.05° shift from its initial
position, significantly lower than the 0.12° shift observed in pristine
LMNCO. This result demonstrates that the triple-modification
strategy synergistically enhances the structural reversibility of
LMNCO-M@SNCN, thereby establishing durable and stable
transport pathways for Li* diffusion. Similar trends are also
observed for (104) peak, and the (104) peak of LMNCO-M@SNCN

(a)

LMNCO

15 20 25

10

D

is almost restored to the initial position, confirming the excellent
structural stability and reversibility of the modified LMNCO-
M@SNCN. This result is further confirmed by the position change
of (003) peak in XRD patterns before and after cycles (Fig. S6 in the
ESM). That is, the (003) diffraction peak of LMNCO-M@SNCN
remains nearly unchanged after 200 cycles, whereas the (003) peak
of pristine LMNCO shifts to a lower angle by 0.3°.

To systematically evaluate the ability of the LMNCO-M@SNCN
to resist electrolyte erosion, we analyzed the chemical composition
of the surface of two samples after 200 cycles using XPS. In the F 1s
spectra of Fig. 6(a), the characteristic peaks at 684.5 and 687.3 eV
are attributed to LiF and —~CF,- species, respectively [37]. The peak
intensity of LiF in LMNCO-M@SNCN is significantly weaker
compared to that in LMNCO, which means a lighter degree of
surface side reactions in LMNCO-M@SNCN. The regeneration of
LiF is associated with the attack of the by-product HF on the
cathode material, which not only consumes the active lithium but
also inhibits the electron transfer among particles, thereby
accelerating the capacity decay of the electrode [38]. Besides, as
shown in the P 2p spectra of Fig. 6(b), the characteristic peak at
134.7 eV corresponds to the LiPO,F, species, which mainly
originates from the decomposition of the lithium salt LiPF, and its
subsequent combination with active Li* [39]. Obviously, the relative
content of Li,PO,F, species on the LMNCO-M@SNCN surface is
slightly lower than that on the LMNCO surface, further indicating
that LMNCO-M®@SNCN suppresses side reactions at the electrode-
electrolyte interface. As shown in the O 1s spectra of Fig. 6(c),
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Figure5 The in-situ electrochemical XRD patterns of (a) LMNCO and (b) LMNCO-M@SNCN during the initial cycle.
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Figure 6 ((a)-(c)) XPS spectra of (a) F 1s, (b) P 2p, and (c) O 1s for the LMNCO and LMNCO-M@SNCN after 200 cycles. ((d) and (e)) The PRIs-EIS images for (d)
LMNCOY/Li and (¢) LMNCO-M@SNCN/Li during the 200" charging process. (f) The curves of w™*-Z relation of LMNCO and LMNCO-M@SNCN at 4.0 V.

the organic C=0 (531.5 eV) and the C-O (533.2 eV) species are
present in both samples, whereas the characteristic peak located at
529.5 eV belonging to the TM-O species is found only in LMNCO-
M@SNCN. It indicates that SNCN coating effectively resists
electrolyte corrosion and TM dissolution, significantly stabilizing
the surface structure of the modified cathode. Moreover, the whole
evolution of kinetic properties during the 200" charging process was
further analyzed by PRIs-EIS technique. As shown in Figs. 6(d) and
6(e), multiple data points obtained at the same frequency under
different potentials form a cluster of equifrequent curves. In these
curves, the horizontal color gradient band from blue to red
represents a time constant in the traditional Nyquist curve (-dZ”
/dZ), in which the high frequency range corresponds to the charge
transfer resistance (R,) and the low frequency range corresponds to
the Li* ion diffusion resistance in the cathode (Warburg impedance,
R,) [40, 41]. The impedances of both samples show a similar
changing trend in the voltage range of 3.0-4.8 V. Notably, the R, of
LMNCO-M@SNCN is significantly lower than that of LMNCO
during the delithiation process, mainly attributed to the decrease of
inorganic products LiF and Li,PO,F, on the LMNCO-M@SNCN
surface, as well as the enhancement of surface conductivity.
Subsequently, based on the relationship between the Z’ and the
inverse square root of the angular frequency (w™) in the low
frequency region, the D+ of the two samples was calculated at
4.0 V (Fig. 6(f)). The calculation results showed that the Dy;: of
LMNCO-M@SNCN is significantly enhanced to 9.06 x 10™
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compared to LMNCO (D,+ = 537 x 10™ cm*s”). This
enhancement confirms that the triple modification strategy
effectively strengthens the structural stability of material, enabling
LMNCO-M@SNCN to maintain excellent Li* transport kinetics
during prolonged cycling.

The morphologies of LMNCO and LMNCO-M@SNCN after
200 cycles at 1 C were directly analyzed by SEM and HRTEM. As
shown in the SEM of Fig. 7(a), the secondary particles of LMNCO
show a large amount of cracking and pulverization, attributed to
the conformational collapse caused by inhomogeneous internal
stresses and external influences. Different from that, the integrity of
the LMNCO-M@SNCN particles is well maintained, and no visible
cracks appeared (Fig. 7(b)), confirming their excellent mechanical
stability. The enhancement of LMNCO-M@SNCN mechanical
properties and resistance to electrolyte corrosion significantly
inhibited TM dissolution. As shown in the ICP-OES result
(Fig. 7(c)), the concentration of Ni, Co, and Mn deposited on the Li
anode surface for LMNCO-M@SNCNY/Li cell is almost reduced to
about 1/3 of that for LMNCO/Li cell. Besides, Figs. 7(d) and 7(e)
show the HRTEM images of LMNCO and LMNCO-M@SNCN,
respectively. It can be observed that LMNCO undergoes a severe
phase transition after cycling. This is, as the cycle progresses, the
pristine layered structure disappears, and the proportion of rock salt
phase structure increases significantly. The deterioration of the
phase transition means that the Li* diffusion path is blocked,
resulting in severe capacity/voltage decay. For LMNCO-M@SNCN,
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Figure7 ((a) and (b)) SEM images, (c) TM concentration deposited on anode surface, ((d) and (e)) TEM images, and (f) the Young’s modulus for LMNCO and

LMNCO-M@SNCN after 200 cyclesat 1 C.

there are ordered lattice stripes and layered structures on both the
surface and the bulk, indicating that the phase transition has been
effectively mitigated. In addition, the Young’s modulus of both
samples after cycling was determined using the Derjaguin-
Muller-Toporov (DMT) mode of the AFM. Figure S7 in the ESM
shows the morphology of the average Young’s modulus of the
collected LMNCO-M@SNCN and LMNCO. As shown in
(Fig. 7(f)), the average Young’s modulus of LMNCO-M@SNCN
after 200 cycles is as high as 10.56 GPa, much higher than that of
LMNCO (4.45 GPa), indicating that the enhancement of surface
and bulk structure stability can significantly improve the
mechanical strength of LMNCO-M@SNCN, thereby effectively
inhibiting particle cracking and TM dissolution.

Combining all the results above, the mechanism of the triple
modification engineering of bulk Mo* doping, surface OVs
construction and SNCN coating to enhance the electrochemical
performance of LMNCO-M@SNCN is shown in Fig. 8. As the
control sample, pristine LMNCO is prone to cause the TMs out-of-
plane migration, TM/O loss and severe side reactions during
cycling, which will deteriorate the surface and bulk structure of
materials. Subsequently, it leads to irreversible phase transitions and
crack formation, interrupting the electrons and Li* transport among
particles and resulting in a rapid capacity decay. For the LMNCO-
M@SNCN, Mo* and OVs strengthen the crystal structure by
inhibiting oxygen loss and TM migration, and SNCN resists
corrosion of the material surface by the electrolyte while

LMNCO
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Figure8 Schematic illustration of the degradation for LMNCO and modification mechanisms for LMNCO-M@SNCN.
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maintaining high conductivity. The synergistic effect of the triple
modification accelerates the fast electron and Li* transport,
enhances the reaction reversibility of anions and cations, and
strengthens the structural stability of the material from the surface
to the bulk, ultimately resulting in excellent -electrochemical
performance of LMNCO-M@SNCN in multiple application
scenarios.

4 Conclusions

In summary, bulk Mo* doping, OVs defects, and SNCN surface
coating were successfully constructed in LMNCO-M@SNCN. The
SNCN provides additional electrons for the LMNCO in the
conduction band region, while Mo* doping and OVs defects
broaden and stabilize the Li* diffusion channel, achieving
simultaneous improvement in ionic and electronic conductivity.
Mo and OVs mitigate the irreversible phase transitions caused by
oxygen loss and TM out-of-plane migration, significantly
improving the structural reversibility of LMNCO-M@SNCN.
Meanwhile, SNCN inhibits the corrosion of the material surface by
the electrolyte while maintaining high conductivity. Under the
effect of triply synergistic modification, the LMNCO-M@SNCN
layered structure remains intact even after undergoing many times
of lithiation/delithiation. As a result, LMNCO-M@SNCN shows
more excellent cycle life and discharge capacity compared with
those reported in earlier literatures, with the capacity retention is
94.6% after 200 cycles at 1 C, and a high rate capacity of
161.0 mAh-g' at 5 C. Especially, under harsh conditions, the
capacity retention is 76.3% after 150 cycles at 55 °C with 1 C. This
work provides a new solution for developing advanced LMNCO
cathode materials.

Electronic Supplementary Material: Supplementary material (Figs.
S1-S7 and Table S1) is available in the online version of this article
at https://doi.org/10.26599/NR.2025.94907813.
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