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interface stabilization of single-
crystal cobalt-free high-nickel cathodes via a fast-
ionic-conductor coating

Hailan Feng,ad Yuxing Xu,ad Ying Hou,ac Fuchang Zhuge*e and Qiangqiang Tan *abd

Single-crystal, cobalt-free, high-nickel LiNi0.9Mn0.1O2 cathodes represent one of the most promising

candidates for next-generation batteries, offering both high energy density and low cost. However, the

cathodes suffer from rapid capacity decay in the highly delithiated state due to detrimental phase

transitions, interfacial degradation, and oxygen loss. This work demonstrates a multifunctional

Li1.3W0.15Ti1.7(PO4)3 (LWTP) coating strategy that simultaneously addresses bulk and interfacial instability.

The optimized 0.3 wt% LWTP-coated cathode delivers exceptional electrochemical performance,

including an initial capacity of 214.1 mA h g−1 at 4.5 V (compared to 208.2 mA h g−1 for the bare

cathode) and 15.9% improved capacity retention after 100 cycles, along with outstanding rate capability

of 167.8 mA h g−1 at 4.3 V and at a high rate of 3C (compared to 140.2 mA h g−1 for the bare cathode).

Comprehensive structural characterization reveals the coating's stabilization effects, including reduced

Li+/Ni2+ cation mixing and suppression of rock-salt phase formation. Interfacial analyses demonstrate

substantially lower charge transfer resistance and the formation of a stable cathode–electrolyte

interphase. Mechanistic investigations demonstrate that the LWTP coating functions as an efficient ion-

conductive network, strengthens metal–oxygen bonds through W/Ti doping, mitigates oxygen release,

and prevents microcrack propagation via strain regulation. This multifunctional coating strategy provides

a scalable materials engineering solution for developing ultra-stable, high-energy-density cathodes for

next-generation lithium-ion batteries.
1 Introduction

The global push toward low-carbon, green, and sustainable
development has driven rapid growth in the new energy vehicle
industry in recent years.1,2 As the core component of electric
vehicles (EVs), power batteries critically determine their energy
density, driving range, safety, and cost-effectiveness.3,4 Among
the key factors inuencing lithium-ion battery performance,
cathode materials play a pivotal role.5 Among the commercial-
ized cathode materials, the layered LiNixCoyMnzO2 (NCM, x + y
+ z = 1) is considered to be the most promising positive
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electrode material in terms of high energy density.6,7 However,
despite the advantages of high-nickel polycrystalline NCM, its
widespread adoption is hindered by inherent drawbacks,
including structural instability during cycling, rapid capacity
degradation, and the high cost of cobalt.8–10 In order to meet the
growing demand for high-energy-density, low-cost, and safe
battery systems, the development of high-performance, single-
crystal, cobalt-free nickel-rich cathodes has become impera-
tive.11 Single-crystal LiNixMn1−xO2 (SC-NM, 0.9 # x # 1) repre-
sents a promising candidate for Co-free cathodes.12–15 The
increased Ni content and absence of Co reduce costs while
effectively improving the capacity of SC-NM cathodematerials.16

Moreover, their densely packed structure and superior
mechanical stability enhance energy density and structural
integrity.17,18

Nevertheless, despite mitigating grain-boundary-induced
cracking (a common issue in polycrystalline cathodes), SC-NM
still suffers from intragranular fractures under high-voltage
operation, impeding Li+ diffusion and triggering detrimental
phase transitions.19,20 Additionally, the highly reactive Ni4+

species accelerates electrolyte decomposition, increasing inter-
facial resistance and exacerbating capacity fade.13,21 Further-
more, the intrinsically slow Li+ diffusion kinetics in micron-
sized single-crystal particles results in poor rate capability.22
This journal is © The Royal Society of Chemistry 2025
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These challenges signicantly limit the practical application of
SC-NM cathodes.

To address these issues, extensive research has focused on
surface modication strategies.23 Conventional coatings, such
as metallic oxides (Al2O3, TiO2, MnO2, ZrO2, WO3, B2O3, V2O5,
etc.),23–30 metallic uorides (AlF3) and phosphates (AlPO4,
Li3PO4, BPO4, etc.),31–34 effectively suppresses electrolyte-
induced corrosion of the electrode material, ensuring interfa-
cial stability while simultaneously enhancing interfacial ion/
charge transfer to improve both electronic and ionic conduc-
tivity.35,36 Furthermore, they stabilize the bulk structure by
mitigating phase-transition-induced stress during cycling,
thereby promoting long-term electrochemical performance.37

Du et al. successfully constructed an AlPO4–Li3PO4 protective
layer on the surface of single-crystal LiNi0.8Co0.1Mn0.1O2. The
analysis revealed that Li3PO4 enhances interfacial Li

+ transport
kinetics, whereas AlPO4 mitigates lattice strain during cycling.
The synergistic effect between Li3PO4 and AlPO4 signicantly
improves the material's electrochemical performance.32

Research on coating modications for single-crystal LiNi0.9-
Mn0.1O2 cathode materials remains relatively scarce in the
literature. Recently, Ma et al. reported a study on Mg/Nb/Al co-
doped and Al2O3/LiAlO2 coated Ni-rich single-crystal LiNi0.9-
Mn0.1O2. The modied cathode exhibits higher capacity and
better capacity retention of 85.5% aer 300 cycles, while the
uncoated cathode quickly dropped to 10.6% at 1C.38 Liu et al.
proposed a LiF coating on LiNi0.9Mn0.1O2; the LiF-modied
material maintains a superior capacity retention of 85.8% aer
100 cycles at 0.5C. However, its rate capacity remains unsatis-
factory, retaining only 104.5 mA h.g−1 at 5C.39 While this coating
system can improve surface stability to some extent, its low
intrinsic activity and high electrical resistance signicantly
compromise the conductivity of Ni-rich layered cathodes, ulti-
mately limiting their high specic capacity and rate perfor-
mance. Fast-ion conductors (Li4Ti5O12, Li3V2(PO4)3,
Li1.3Al0.3Ti1.7(PO4)3, etc.) have gained attention for their
balanced ionic transport and chemical inertness,40–42 Notably,
NASICON-type LiTiM (PO4)3 (M = Y3+, Zr4+, Al3+, Ta5+ and Nb5+,
etc.) coatings exhibit exceptional ionic conductivity and
stability, signicantly enhancing high-voltage cycling
performance.43–45 For instance, Fan et al. demonstrated that
a Li1.4Y0.4Ti1.6PO4 coating effectively suppresses intragranular
cracking and parasitic reactions in the single-crystal LiNi0.88-
Co0.09Mn0.03O2 cathode material, alleviating intragranular/
intergranular cracking and preventing parasitic cathode/
electrolyte reactions during delithiation/lithiation processes.46

Herein, we designed a modication strategy to develop
a homogeneous fast-ion-conducting network on single-crystal
LiNi0.9Mn0.1O2 (SNM9) particles through a Li1.3W0.15Ti1.7(PO4)3
(LWTP) coating. The designed LWTP framework not only facil-
itates lithium-ion transport but also enables benecial W/Ti
doping in the subsurface region, synergistically strengthening
metal–oxygen bonding while reducing Li+/Ni2+ cation mixing.
This synergistic modication effectively suppresses detrimental
phase transformations and minimizes lattice oxygen loss,
thereby preserving superior structural stability. The LWTP-
modied SNM9 demonstrates enhanced electronic
This journal is © The Royal Society of Chemistry 2025
conductivity and improved Li+ diffusion coefficients, contrib-
uting to exceptional electrochemical performance. Further-
more, the LWTP layer establishes an electrochemically stable
interface that effectively mitigates cathode–electrolyte side
reactions and prevents microcrack initiation, maintaining both
structural and interfacial integrity even under high-voltage
operation.
2 Experimental section
2.1 Preparation of materials

2.1.1 Synthesis of LiNi0.9Mn0.1O2. The spherical precursor
Ni0.9Mn0.1(OH)2 (denoted as PNM9) was synthesized via
a coprecipitationmethod. An aqueousmixedmetal salt solution
(2.0 mol L−1) was prepared by dissolving NiSO4$6H2O and
MnSO4$H2O in a 9 : 1 molar ratio in deionized water. Simulta-
neously, stoichiometric NaOH solution (precipitating agent)
and NH3$H2O solution (chelating agent, 4.0 mol L−1) were
continuously pumped into the reaction system under a nitrogen
atmosphere. The reaction was conducted in a water bath
maintained at 55 °C, with the precursor solution pH stabilized
at 11.6. The resulting precipitate was ltered, repeatedly washed
with deionized water to remove impurities, and vacuum-dried
at 120 °C for 10 h. The dried precursor was then thoroughly
mixed with a 5% excess of LiOH via ball milling for 4 h. The
mixture was subsequently calcined at 870 °C under oxygen ow
for 10 h to obtain the nal cathode material, labeled as SNM9.

2.1.2 Synthesis of Li1.3W0.15Ti1.7(PO4)3 coated LiNi0.9-
Mn0.1O2. The SNM9 powder was dispersed in deionized water at
a mass ratio of 9 : 1. Stoichiometric amounts of WO3, TiO2,
LiNO3, and NH4H2PO4 were then added to the suspension,
followed by vigorous stirring for 30 minutes at room tempera-
ture. The mixture was subsequently heated to 80 °C to evaporate
the solvent completely. Aer drying, the resulting powder was
calcined at 820 °C for 10 h under owing oxygen to obtain
Li1.3W0.15Ti1.7(PO4)3-coated single-crystal LiNi0.9Mn0.1O2 parti-
cles. The nal products were labeled based on the weight
percentage of Li1.3W0.15Ti1.7(PO4)3 (LWTP) relative to SNM9:
SNM9@LWTP0.15 (0.15 wt% LWTP), SNM9@LWTP0.3 (0.3 wt%
LWTP), and SNM9@LWTP0.45 (0.45 wt% LWTP).
2.2 Characterization of materials

X-ray diffraction (XRD) analysis was performed using a Shi-
madzu 7000S/L diffractometer. The morphological and micro-
structural characteristics of the samples were examined by
scanning electron microscopy (SEM, Hitachi S-4800) and
transmission electron microscopy (TEM, FEI Tecnai F20).
Surface elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDS). The chemical states of
surface elements were analyzed using X-ray photoelectron
spectroscopy (XPS, AXIS SUPRA+). Particle size distribution was
measured by laser diffraction (Mastersizer 2000, Dandong Bet-
tersize Instruments). Differential electrochemical mass spec-
trometry (DEMS) measurements were conducted using
a QMG220 system (Pfeiffer Vacuum) with argon carrier gas at
a ow rate of 0.8 ml min−1.
J. Mater. Chem. A, 2025, 13, 24772–24784 | 24773
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2.3 Electrochemical tests

The electrochemical properties of the samples were measured
using CR2025 half-cells. The electrode slurry was prepared by
mixing 92 wt% active material, 5 wt% acetylene black, and 3 wt%
poly(vinylidene uoride) (PVDF) in N-methyl-2-pyrrolidinone
(NMP). The CR2025 coin cells were assembled with the prepared
electrode (cathode), Li metal as the reference and counter elec-
trode, a separator (Celgard 2400 porous polypropylene lm), and
electrolytes (appropriate electrolyte of 1MLiPF6 in amixture of EC/
DMC/EMC). The charge and discharge performance was
Fig. 1 Synthesis diagram of SNM9 coated with LWTP.

Fig. 2 SEM images of (a) PNM9, (b) SNM9 and (c) SNM9@LWTP0.3; TEM a
images of SNM9@LWTP0.3.

24774 | J. Mater. Chem. A, 2025, 13, 24772–24784
monitored on a Xinwei CT2001C battery testing system (Shenzhen,
China). The EIS (0.01Hz–100 kHz) and CV (scan rate of 0.1mV s−1)
curves of the material were measured on an electrochemical
workstation (CHI660E, Shanghai, China).
3 Results and discussion
3.1 Morphology and structural analysis

The modication strategy to coat SNM9 cathode particles with
LWTP via a combined wet coating and thermal heating
nd HRTEM images of (d–f) SNM9 and (g–i) SNM9@LWTP0.3; (j–o) EDS

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) XRD patterns of the prepared particles; (b) electron conductivity of SNM9 and SNM9@LWTP0.3; Rietveld refinement of (c) SNM9, (d)
SNM9@LWTP0.15, (e) SNM9@LWTP0.3, and (f) SNM9@LWTP0.45.
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calcination approach is illustrated in Fig. 1. As presented in
Fig. 2a, the SNM9 precursor is composed of tridimensional
sheets with a particle size of 2–5 mm. Aer calcination, the
precursors turn into single-crystal particles. Both the pristine
SNM9 and LWTP-coated SNM9@LWTP0.3 samples show well-
dened single-crystal characteristics with average diameters of
2–4 mm (Fig. 2b and c), while moderate particle agglomeration is
observed due to sintering effects during high-temperature
calcination. The surface of the pristine SNM9 sample is rela-
tively smooth, whereas the LWTP modied SNM9@LWTP0.3
presents a rough surface with uniformly dispersed nanoscale
particulates. Elemental distribution analysis through EDS
mapping (Fig. 2k–o) conrms the homogeneous dispersion of
Ni, Mn, P, Ti, and W across the SNM9@LWTP0.3 surface, con-
rming the successful formation of a conformal LWTP coating
layer.

TEM and HRTEM images of SNM9 and SNM9@LWTP0.3
(Fig. 2d–i) further conrm the presence of the LWTP coating. No
coating layer is observed on the surface of SNM9; however,
distinct lattice fringes with a spacing of 0.474 nm are clearly
visible, corresponding to the (003) crystal plane (Fig. 2d–f). In
This journal is © The Royal Society of Chemistry 2025
contrast, a uniform LWTP coating layer with a thickness of 10–
15 nm is visibly distributed on the SNM9@LWTP0.3 particles.
The measured lattice spacing of 0.389 nm in the coating layer
corresponds to the (113) crystallographic planes of LWTP
(Fig. 2g–i), providing denitive evidence for successful LWTP
layer formation. This continuous LWTP layer effectively isolates
the cathode material from direct electrolyte contact, thereby
suppressing interfacial side reactions.

Fig. 3a presents the XRD patterns of pristine SNM9 and
LWTP-coated single-crystal LiNi0.9Mn0.1O2 cathodes. All
samples represent the hexagonal a-NaFeO2 structure (R�3m
space group), with no other impurities.47 The clear separation of
the (006)/(012) and (018)/(110) peaks indicates well organized
layered structures in all samples.48 Notably, the (003) diffraction
peaks show a slight shi toward higher angles aer LWTP
coating. This lattice contraction originates from the incorpo-
ration of smaller-radius Ti4+ (0.061 nm) and W6+ (0.060 nm)
ions into the near-surface lattice during the coating process,49

which strengthens the TM–O bonds and enhances structural
stability. The electronic conductivity of SNM9@LWTP0.3 is
higher than that of pristine SNM9, owing to the higher
J. Mater. Chem. A, 2025, 13, 24772–24784 | 24775
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Table 1 The lattice parameters and I(003)/I(104) of SNM9 and SNM9@LWTP

Sample a (Å) c (Å) c/a I(003)/I(104) Li+/Ni2+ occupation rate (%) Rwp (%) Rp (%)

SNM9 2.8798 14.2125 4.9352 1.49 6.33 7.89 5.75
SNM9@LWTP0.15 2.8739 14.1992 4.9407 1.53 6.23 6.54 5.22
SNM9@LWTP0.3 2.8686 14.1855 4.9450 1.57 5.98 6.85 5.76
SNM9@LWTP0.45 2.8684 14.1812 4.9439 1.51 6.29 6.65 5.43
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conductivity of the LWTP coating (Fig. 3b). To calculate the
lattice parameters of the SNM9 and SNM9@LWTP cathode
materials, the corresponding renement patterns and results
are shown in Fig. 3c–f and Table 1. Both Rwp and Rp values of the
rened results are less than 10%, indicating that the rened
results are reliable.50 It can be seen from the table that the
lattice parameters a and c are reduced aer coating, consistent
with the incorporation of smaller Ti4+ and W6+ ions into the
crystal structure. Furthermore, the increased I(003)/I(104) inten-
sity ratio in SNM9@LWTP0.3 indicates signicantly mitigated
Li+/Ni2+ cation mixing, in full agreement with the renement
data. Combined with EDS analysis, these results verify that the
LWTP modication not only forms a surface coating but also
anchors rmly at the subsurface interface, establishing rapid
Li+ transport channels.

XPS analysis was conducted to investigate the surface
composition and chemical states of both pristine SNM9 and
LWTP-coated SNM9@LWTP0.3 samples (Fig. 4a–g). The survey
spectra (Fig. 4a) conrm the presence of characteristic Ni and
Mn signals in both materials. In the Ni 2p spectra (Fig. 4b), two
spin–orbit doublets appear at 855.3 eV (Ni 2p3/2) and 872.7 eV
(Ni 2p1/2). The Ni 2p3/2 peak splits into two typical peaks of Ni2+

(854.7 eV) and Ni3+ (856.1 eV).51 Notably, the increased Ni3+/Ni2+

ratio in SNM9@LWTP0.3 indicates reduced cation mixing,
consistent with XRD results and conrming enhanced surface
stability through LWTP modication. The Mn 2p XPS spectra
(Fig. 4d) reveal a higher Mn3+ content in SNM9@LWTP0.3
compared to SNM9, demonstrating that trace doping of high-
valence Ti4+ and W6+ reduces the oxidation state of Mn. In
Fig. 4c, the O 1s spectrum is tted into two components at
531.4 eV and 529.2 eV, corresponding to surface oxygen species
(Li2CO3/LiOH) and lattice oxygen (metal–O),52 respectively. The
LWTP-coated sample shows a signicant increase in metal–O
content with concomitant reduction of lithium impurities,
demonstrating that the combined effects of LWTP coating and
Ti/W doping substantially enhance both crystalline and inter-
facial structural stability. Moreover, as shown in Fig. 4e–g, the
characteristic peaks of Ti 2p, W 4f and P 2p are observed in the
SNM9@LWTP0.3 powder sample, which are absent in the
pristine sample. The Ti 2p3/2 and Ti 2p1/2 spectra displays two
peaks located at 458.7 eV and 464.0 eV, corresponding to Ti4+.53

The strong characteristic peaks at 37.2 eV (W 4f5/2) and 34.9 eV
(W 4f7/2) correspond to W6+,54 and the P 2p peak is detected at
133.8 eV.55 To further illustrate the distributions of Ti and W,
the SNM9@LWTP0.3 sample was etched from the surface to
a depth of 50 nm (Fig. 4h and i). The intensity of the Ti 2p andW
4f spectra gradually decreases with depth, conrming that the
24776 | J. Mater. Chem. A, 2025, 13, 24772–24784
LWTP protective layer is successfully coated on the surface of
SNM9. Simultaneously, the persistent presence of these signals
indicates Ti and W doping into the crystal lattice.

3.2 Electrochemical testing

Fig. 5 comprehensively evaluates the electrochemical perfor-
mance of pristine and LWTP-modied LiNi0.9Mn0.1O2 cathodes.
As shown in Fig. 5a, the initial charge–discharge proles at 0.1C
(3.0–4.3 V) demonstrate that the optimal SNM9@LWTP0.3
cathode delivers superior initial discharge capacity
(206.1 mA h g−1) and coulombic efficiency (86.0%) compared to
both unmodied SNM9 (204.4 mA h g−1, 84.1% CE) and other
LWTP-modied samples. This enhancement is attributed to
reduced cation mixing and improved Li+ transport pathways
enabled by the LWTP modication. Rate capability tests reveal
exceptional high-current performance (Fig. 5b),
SNM9@LWTP0.3 exhibits the highest rate performance, deliv-
ering discharge capacities of 167.8 mA h g−1 at 3C compared to
140.2 mA h g−1 for pristine SNM9. The enhanced rate perfor-
mance demonstrates that the LWTP coating effectively
improves charge transfer kinetics by enhancing electronic
conductivity, accelerating ionic transport, and reducing inter-
facial polarization. Long-term cycling at 1C (Fig. 5c) shows the
LWTP coating's structural stabilization benets, with
SNM9@LWTP0.3 retaining 80.4% capacity aer 100 cycles
versus 70.1% for unmodied SNM9. Fig. 5d and e provide the
charging–discharging voltage proles for selected cycles. LWTP-
modied cathodes exhibit signicantly reduced voltage decay,
resulting from improved polarization characteristics and
enhanced interfacial stability. High-voltage testing (4.5 V cutoff)
further highlights the coating's advantages, SNM9@LWTP0.3
achieves both higher initial capacity (214.1 vs. 208.2 mA h g−1)
and superior cycling retention (69.2% vs. 53.3% aer 100
cycles). At an elevated rate of 3C, SNM9@LWTP0.3 maintains
55.6% capacity retention aer 100 cycles, while the uncoated
cathode rapidly degrades to 36.2%. These improvements stem
from the LWTP coating's multifunctional nature: (1) bulk
stabilization through Ti/W doping, (2) interfacial protection
against side reactions, (3) CEI layer control, and (4) enhanced
charge transport properties.

Cyclic voltammetry analysis was systematically performed to
investigate the electrochemical reversibility of the electrodes.
Measurements were conducted at 0.1 mV s−1 for 2 cycles, fol-
lowed by higher scan rates of 0.3, 0.5, 0.7, and 1.0 mV s−1

between 3.0 and 4.3 V (Fig. 6a–d). Three distinct redox peaks
were identied, corresponding to characteristic phase transi-
tions from H1 (hexagonal phase) to M (monoclinic phase), M to
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 XPS spectra of the partial elements of SNM9 and SNM9@LWTP0.3: (a) survey spectra, (b) Ni 2p, (c) O 1s, (d) Mn 2p, (e) Ti 2p, (f) W 4f, and (g)
P 2p; XPS depth profile of (h) Ti 2p and (i) W 4f.
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H2 (hexagonal phase), and H2 to H3 (hexagonal phase).56

Comparative analysis reveals that SNM9@LWTP0.3 exhibits
signicantly smaller potential intervals (DEp) between oxidation
and reduction peaks during the initial cycle (Fig. 6a and b),
indicating reduced electrode polarization. This improvement is
attributed to the dual functionality of the LWTP coating
This journal is © The Royal Society of Chemistry 2025
enhancing Li+ migration kinetics and retaining redox reaction
reversibility by stabilizing the electrode–electrolyte interface. At
increased scan rates (Fig. 6c and d), both materials demonstrate
the expected rise in peak currents; however, SNM9@LWTP0.3
shows markedly less peak position deviation compared to the
substantial shis observed in unmodied SNM9. This
J. Mater. Chem. A, 2025, 13, 24772–24784 | 24777
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Fig. 5 (a) The initial charging–discharging curves at 0.1C between 3.0 and 4.3 V; (b) rate performances between 3.0 and 4.3 V; (c) cycling
performances of SNM9 and SNM9@LWTP at 1C between 3.0 and 4.3 V; (d and e) the charging–discharging performances of SNM9 and
SNM9@LWTP0.3 during different number of cycles at 1C between 3.0 and 4.3 V; (f) the initial charging–discharging curves at 0.1C; (g) cycling
performances of SNM9 and SNM9@LWTP at 1C between 3.0 and 4.5 V; (h) cycling performances of SNM9 and SNM9@LWTP0.3 at 3C between
3.0 and 4.5 V.
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pronounced peak stability in the coated sample reects its
superior resistance to polarization effects and enhanced inter-
facial stability, indicating that the LWTP coating can reduce
charge transfer resistance and simultaneously improve lithium
transport kinetics. These synergistic effects directly correlate
with the observed enhancements in cycling performance and
rate capability.

To elucidate the impact of the LWTP coating on Li+ diffusion
kinetics and interfacial stability, EIS measurements were con-
ducted on both SNM9 and SNM9@LWTP0.3 electrodes before
and aer cycling (Fig. 7a and b). The Nyquist plots, obtained
aer the 1st and 100th cycles at 4.5 V, exhibit three distinct
features: (1) a high-frequency semicircle corresponding to SEI
lm resistance (Rsf), (2) an intermediate-frequency semicircle
representing charge transfer resistance (Rct), and (3) a low-
frequency Warburg impedance (Zw) associated with Li+ diffu-
sion.57 The analysis reveals that the Rct of pristine SNM9
increases dramatically from 65.7 U to 193.6 U aer 100 cycles,
whereas SNM9@LWTP0.3 demonstrates superior interfacial
24778 | J. Mater. Chem. A, 2025, 13, 24772–24784
stability, with Rct increasing only from 52.8 U to 108.6 U. This
signicant reduction in charge transfer resistance highlights
the LWTP coating's ability to mitigate electrode/electrolyte side
reactions, suppress disordered rock-salt phase formation, and
inhibit excessive CEI growth, collectively enhancing interfacial
stability and Li+ diffusion kinetics.

DLiþ ¼
�

RTffiffiffi
2

p
An2F 2sC

�2

(1)

Z0 = Rs + Rct + su−1/2 (2)

Furthermore, Li+ diffusion coefficients (DLi+) were calculated
using eqn (1) and (2),58 where R represents the gas constant, T is
the absolute temperature, A is the surface area of the electrode,
n is the number of electrons lost per molecule in the electro-
chemical reaction, F is the Faraday constant, and C is the
concentration of Li+. s (Warburg coefficient) was derived from
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 CV curves of SNM9 and SNM9@LWTP0.3 at 0.1 mV s−1 for 2 cycles: (a) SNM9 and (b) SNM9@LWTP0.3; CV curves of SNM9 and
SNM9@LWTP0.3 at 0.1–1.0 mV s−1: (c) SNM9 and (d) SNM9@LWTP0.3.
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the linear tting of Z0 vs. u−0.5 (Fig. 7c).59 The DLi+ values for
SNM9 and SNM9@LWTP0.3 were determined to be 3.79 ×

10−12 cm2 s−1 and 3.21× 10−11 cm2 s−1, respectively. The order-
of-magnitude improvement in DLi+ for the coated sample
directly correlates with its superior electrochemical perfor-
mance, including enhanced rate capability and cycling stability,
Fig. 7 Nyquist plots of cathodes in a voltage range of 3.0–4.5 V: (a) the in
e) GITT curves of SNM9 and SNM9@LWTP0.3 cells during charging/dis
coefficients of SNM9 and SNM9@LWTP0.3 samples for the charge proc

This journal is © The Royal Society of Chemistry 2025
underscoring the critical role of LWTP in optimizing interfacial
charge transfer and Li+ transport.

The galvanostatic intermittent titration technique (GITT)
was employed to quantitatively evaluate Li+ diffusion kinetics
during electrochemical operation (0.1C, 3.0–4.3 V). As shown in
Fig. 7d and e, the GITT proles for SNM9@LWTP0.3 exhibit
itial cycle and (b) after 100 cycles; (c) the profiles of Z0 and u−1/2; (d and
charging in a voltage range of 3.0–4.3 V; the profiles of Li+ diffusion
ess (f) and discharge process (g).
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Fig. 8 TEM and HRTEM images of cathodes after 100 cycles in the voltage range of 3.0–4.5 V: (a–c) SNM9 and (d–f) SNM9@LWTP0.3; XRD
patterns of SNM9 and SNM9@LWTP0.3 after 100 cycles in the voltage range of 3.0–4.5 V: (g) full scan and (h) the enlarged (003) peaks.

Fig. 9 XPS spectra of SNM9 and SNM9@LWTP0.3 after 100 cycles in the voltage range of 3.0–4.5 V: (a) C 1s, (b) O 1s, (c) F 1s, and (d) P 2p.
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signicantly reduced polarization and improved voltage
stability during both charge and discharge processes compared
to pristine SNM9. The Li+ diffusion coefficient (DLi+) was calcu-
lated using eqn (3):60

DLi ¼ 4

ps

�
mVm

MS

�2�
DES

DEs

�2�
s � L2

DLi

�
(3)

where s is the charging time, Vm is the molar volume of the
materials, m is the mass of the active substance, M represents
the molecular weight of the electrode materials, A is the specic
24780 | J. Mater. Chem. A, 2025, 13, 24772–24784
surface area of the electrodematerials, DEs is the voltage change
caused by constant current charging, and DES is the voltage
change caused by the impulse. Fig. 7f and g presents the
calculation values of the Li+ diffusion coefficient (DLi+) during
the charge/discharge process. It can be found that
SNM9@LWTP0.3 exhibits superior DLi+ compared to SNM9;
SNM9@LWTP0.3 demonstrates consistently higher Li+ diffu-
sivity throughout the entire charge/discharge window. This
methodological consistency conrms that the LWTP coating
This journal is © The Royal Society of Chemistry 2025
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Table 2 The atomic wt % of C, O, F, and P remaining after the cycling
for the electrodes

Element C (wt %) O (wt %) F (wt %) P (wt %)

SNM9 47.08 28.54 23.46 0.92
SNM9@LWTP0.3 50.90 26.41 21.85 0.84
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can create favorable Li+ transport pathways, reduce interfacial
resistance, and maintain structural integrity during cycling.
3.3 Analysis of cycled cathodes

TEM and HRTEM were employed to further study the structural
changes of the cycled cathodes aer 100 cycles at 1C (3.0–4.5 V).
The uncoated SNM9 cathode exhibits microcracks within the
particles (Fig. 8a–c), which provide microchannels for the
electrolyte to corrode the internal structure. Disordered NiO-
type rock-salt phases (Fm�3m space group) can be observed
along the intragranular crack, primarily caused by severe side
reactions involving high-valence Ni4+ during deep charge/
discharge. This leads to increased internal resistance and
capacity fading.12 In contrast, SNM9@LWTP0.3 retains its
pristine single-crystal morphology (R�3m space group) with
Fig. 10 DEMS of cathodes: (a) SNM9 and (b) SNM9@LWTP0.3; (c) schem

This journal is © The Royal Society of Chemistry 2025
intact particle integrity and no observable cracking, while
preserving a stable coating–electrode interface (Fig. 8d–f).

To systematically evaluate the long-term structural stability
under high-voltage operation (3.0–4.5 V), we conducted ex situ
XRD analysis on cycled SNM9 and SNM9@LWTP0.3 electrodes
aer 100 cycles (Fig. 8g and h). Both samples exhibit reduced
diffraction peak intensities and a low-angle shi of the (003)
reection, indicating c-axis expansion.61 This behavior is char-
acteristic of lattice strain accumulation during prolonged
cycling. SNM9@LWTP0.3 demonstrates a signicantly smaller
(003) peak displacement, conrming that the LWTP coating
layer effectively suppresses anisotropic lattice distortion, miti-
gates microcrack formation, and maintains layered structure
integrity.

Additionally, XPS measurements were conducted to eluci-
date the interfacial stability of cycled electrodes aer 100 cycles
at 4.5 V. In the C 1s spectra (Fig. 9a), the peak at 284.5 eV
corresponds to C–C in acetylene black. The peak at 285.6 eV is
related to the C–Hbonds from alkyl carbonates and PVDF, while
the peak at 290.4 eV is assigned to C–F in PVDF. The C–O (286.7
eV) and C]O (288.9 eV) peaks originate from the decomposi-
tion products of carbonate electrolyte, such as ROCO2Li, ROLi
and Li2CO3.33 Compared to SNM9, the reduced peak intensity
observed in SNM9@LWTP0.3 suggests suppressed electrolyte
atic diagram of the effect of the LWTP coating on the SNM9 material.
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decomposition. The O 1s spectrum (Fig. 9b) shows three main
peaks located at around 534 eV, 532 eV, and 529 eV, corre-
sponding to ROCO2Li, Li2CO3 and metal–oxygen (M–O) bonds,
respectively.62 Notably, SNM9@LWTP0.3 demonstrates a higher
M–O content and a reduction in ROCO2Li, indicating that the
LWTP coating layer effectively maintains structural integrity
and suppresses side reactions. The F 1s XPS spectra (Fig. 9c)
reveal substantially more intense LiF signatures in pristine
SNM9 than in SNM9@LWTP0.3, revealing critical coating
effects on signicant suppression of electrolyte decomposition,
effective limitation of CEI layer growth, and reduction of Li+

diffusion barriers. Furthermore, the P 2p spectrum (Fig. 9d)
indicates that more LixPOxF2 species accumulate on the surface
of SNM9, accelerating electrolyte degradation and increasing
interfacial impedance. Elemental content analysis (C, O, F, and
P) (Table 2) conrms that SNM9@LWTP0.3 exhibits lower F and
P content than SNM9. Notably, the CEI layer of SNM9 shows
a clear trend of increased formation of LiF, Li2CO3, ROCO2Li,
and ROLi, further highlighting the protective effect of the LWTP
coating.

Differential electrochemical mass spectrometry (DEMS) was
used to evaluate gas evolution during electrochemical cycling
(0.3C, 3.0–4.3 V). As shown in Fig. 10a and b, while neither
SNM9 nor SNM9@LWTP0.3 exhibited detectable O2 or CO2

release during charging, both materials showed signicant gas
evolution during discharge. The observed O2 originates from
lattice oxygen loss due to structural instability, while CO2

generation results from surface reactive oxygen species and
subsequent electrolyte oxidation.63,64 Critically,
SNM9@LWTP0.3 demonstrates lower O2 emission and CO2

production. These results indicate that the LWTP coating
stabilizes the oxygen sublattice through Ti–O and W–O
bonding, limits surface oxidative reactions, and thereby
preserves structural integrity during cycling.

The mechanism of the LWTP coating’s protective effect on
SNM9 aer long-term cycling is shown in Fig. 10c. During high-
voltage cycling, uncoated SNM9 cathodes undergo progressive
degradation. At the interface, direct electrolyte attack and CEI
growth occur. In the bulk material, anisotropic phase transition
strain induces microcracks at grain boundaries, which propa-
gate into intragranular fractures. Concurrently, surface recon-
struction to a disordered rock-salt phase occurs alongside
irreversible oxygen loss. These coupled degradation modes
collectively accelerate capacity fade. However, the LWTP coating
protects the interface from electrolyte corrosion, buffers
anisotropic strain and prevents microcrack propagation, thus
maintaining excellent structural integrity. It retains the fast Li+

diffusion channel, stabilizes the oxygen framework and reduces
the charge transfer resistance. Synergistically, these effects
signicantly enhance the electrochemical properties of the
material.

4 Conclusions

This work presents a multifunctional LWTP coating strategy
that simultaneously stabilizes the bulk structure, interface, and
oxygen stability challenges of single-crystal LiNi0.9Mn0.1O2
24782 | J. Mater. Chem. A, 2025, 13, 24772–24784
cathodes. The LWTP coating achieves remarkable structural
stabilization by reducing Li+/Ni2+ cation mixing, suppressing
rock-salt phase formation, and effectively mitigating intrinsic
anisotropic structural degradation during high-voltage opera-
tion. It provides exceptional interfacial protection by reducing
charge transfer resistance and forming an ultrathin protective
barrier that prevents electrolyte corrosion and microcrack
propagation. Furthermore, DEMS analysis conrms the coat-
ing's oxygen buffering capability. The optimized 0.3 wt %
LWTP-coated cathode delivers outstanding electrochemical
performance, including a high capacity of 214.1 mA h g−1 at
4.5 V with 69.2% retention aer 100 cycles, superior rate capa-
bility (167.8 mA h g−1 at 3C, 4.3 V, representing a 19.7%
improvement over the uncoated cathode), and excellent cycling
stability (80.4% capacity retention aer 100 cycles at 1C, 4.3 V).
Unlike conventional coatings, LWTP actively participates in
charge transfer through its fast-ion-conducting network,
providing triple protection against structural degradation,
oxygen loss, andmechanical strain. This work establishes a new
paradigm for designing stable high-voltage cathodes.
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