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ABSTRACT

Nickel-based layered cathodes are promising candidates for high-performance, high-energy lithium-ion batteries, yet their high-
voltage application is jointly limited by synthesis-inherited structural defects and an unstable lattice oxygen framework. Here,
we show that both limitations can be overcome by decoupled synthesis pathway (DSP) via La/Nb oxalate functionalization
of the Ni, ,Co,;Mn, ;(OH), precursor. Unlike the conventional coupled synthesis pathway (CSP) where precursor dehydration
and Li,CO; decomposition overlap in temperature, the DSP introduces a low-temperature decomposition of La/Nb oxalates
at 200°C, which effectively avoids localized contact between the precursor and Li,CO; and shifts Li,COs-related reactions to
high temperatures. This allows sequential precursor dehydroxylation, rock-salt (RS) intermediate formation, and layered-phase
transformation over a broad temperature window. The resulting LiNi, ;Co,,Mn, 0, cathode with La/Nb functionalization (NCM-
LN) features a uniform surface LaNiO; perovskite heterostructure and a Nb-doped layered bulk with suppressed RS and spinel
defects. Consequently, under 4.5 V operation (vs. Li*/Li), NCM-LN exhibits homogeneous Li* (de)intercalation, and a stabilized
oxygen framework. In graphitelINCM-LN full cells, NCM-LN retains 80.1% of its capacity after 2000 cycles at 1C, substantially
outperforming the pristine cathode. This decoupling strategy is broadly effective across various Ni-based systems, providing a
generalizable route toward high-energy, long-life cathode materials.
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1 | Introduction

Lithium-ion batteries (LIBs) are key energy-storage technologies
for electric vehicles, portable electronics, and grid-scale storage
[1, 2]. Further improvements in energy density place increasing
demands on high-performance cathode materials. Nickel-based
layered oxide (LiNi,Co,Mn;_, ,O,, x > 0.6) cathodes stand
out as one of the most promising candidates, offering high
reversible capacity, tunable transition-metal (TM) composition
for low raw-material cost, and compatibility with scalable solid-
state synthesis. Raising the cutoff voltage to >4.5 V (vs. Li*/Li)
can substantially boost the energy density by extracting more
lithium from the layered structure [3, 4]. However, the practical
implementation of high-voltage nickel-based cathodes is severely
hindered by rapid capacity decay and structural degradation
during prolonged cycling [5]. These issues can be attributed
to two interrelated factors: (i) the poor structural uniformity
resulting from the conventional solid-state calcination process [6-
9], and (ii) the intrinsic instability of the lattice oxygen framework
under high-voltage operation [10-12]. Addressing both challenges
simultaneously is therefore essential for achieving durable high-
voltage performance.

Typically, nickel-based cathodes are synthesized via solid-state
calcination of hydroxide precursors (NiyCo,Mn,_,_ (OH),) with
lithium salts (Li,CO; or LiOH) [13]. The sintering process
encompasses precursor dehydration, rock-salt (RS) intermediate,
lithiation, and structural transformation—collectively dictating
phase progression and crystallization [14, 15]. Ideally, these
processes occur sequentially; however, in practice, they are
highly intercoupled. Studies have shown that during sintering,
the precursor tends to undergo localized lithiation before com-
plete dehydration and intermediate phase formation, resulting
in kinetic competition. This competition generates heteroge-
neous phase structures that hinder further evolution toward
the desired layered phase and inevitably introduce structural
defects, including Li/Ni cation mixing, abundant grain bound-
aries, and structural voids [6, 14, 16, 17]. To address these
challenges, various strategies have been developed. One category
of solid-state synthesis approaches improves high-temperature
calcination homogeneity by introducing low-temperature hold-
ing steps to promote rock-salt conversion or pre-lithiation, or by
optimizing precursor sphericity [7, 18, 19]. Alternatively, novel
topotactic synthesis strategies pre-oxidize the hydroxide precur-
sor using strong oxidants, followed by low-temperature Li*/H*
exchange to directly form the layered structure, circumventing
the non-uniform solid-state reaction pathway [20, 21]. While
these strategies have improved the synthesis uniformity of nickel-
based cathodes from different perspectives, the development of
regulatory strategies that avoid multi-step sintering processes and
enable rapid industrial translation remains an ongoing challenge.

During high-voltage operation, the structural uniformity of
nickel-based cathodes critically affects the homogeneity of Li*
(de)intercalation and the internal strain at highly delithiated
states [22, 23]. Yet structural uniformity alone cannot prevent
TM dissolution and severe structural degradation triggered by
lattice oxygen loss. Therefore, developing rational modifica-
tion strategies for nickel-based cathodes is equally important.
Doping with high-valence TMs (e.g., Zr**, Nb>*, Mo®*) has
been shown to effectively enhance particle densification and

strengthen the TM-O framework, thereby stabilizing the bulk
structure [24-28]. Meanwhile, surface and interfacial regulation
[29-31], through coherent RS/spinel surface layers or electrolyte
and separator engineering, can stabilize surface lattice oxy-
gen, regulate interfacial chemistry, facilitate Li* transport, and
promote robust cathode-electrolyte interphase/solid-electrolyte
interphase (CEI/SEI) formation under high-voltage operation
[32-38]. Despite these advances, existing modification strategies,
whether through elemental doping during synthesis or post-
synthesis doping/coating, typically involve multi-step processing
and do not adequately address the impact on synthesis unifor-
mity.

Herein, we report a precursor functionalization strategy that
simultaneously addresses synthesis inhomogeneity and lattice
oxygen instability of nickel-based cathodes. By introducing copre-
cipitated La/Nb oxalates onto the Ni, ;Co,,Mn, ;(OH), precursor
surface, we achieve a decoupled synthesis pathway (DSP) that
separates precursor dehydration from Li,CO; decomposition,
postponing the latter to above 450°C and enabling sequen-
tial phase evolution. Meanwhile, DSP not only suppresses the
formation of local RS and spinel defects but also promotes
the in-situ formation of a uniform surface LaNiO; perovskite
heterostructure coupled with Nb doping in the bulk. The result-
ing LiNi,,Coy;Mn,;0, cathode with La/Nb functionalization
(NCM-LN) exhibits more uniform high-voltage phase evolution
and retains 80.1% of its capacity after 2000 cycles in 2.7-4.45 V
graphitel I NCM-LN full cells. This work establishes DSP as a
generalizable strategy for designing high-voltage nickel-based
cathodes with integrated surface-bulk structural stability.

2 | Results and Discussion

2.1 | Precursor Functionalization Separates
Calcination Reaction Windows for a Decoupled
Synthesis Pathway

The La/Nb oxalate functional layer was introduced onto the
surface of pristine NiyzCo,;Mn,;(OH), hydroxide precursor
(NCMOH-P) by liquid-phase coprecipitation, yielding the func-
tionalized precursor NCMOH-LN (Figures S1 and S2). Using a
suite of in situ characterization techniques, we systematically
elucidated the differences in the reaction pathways between
the two precursors and Li,CO; during the synthesis of nickel-
based layered cathodes. The thermal responses of NCMOH-P
and NCMOH-LN each mixed with Li,CO;, were compared using
a combination of in situ heating Fourier-transform infrared
spectroscopy (FTIR) and thermogravimetric analysis (TGA), cou-
pled with derivative thermogravimetry (DTG) (Figure 1la—c). For
NCMOH-P, the characteristic CO, signals from Li,CO; decompo-
sition, observed by FTIR at 669, 2338, and 2359 cm ™, first emerged
at approximately 300°C (Figure 1a). Importantly, isolated Li,CO,
measured under identical thermal conditions exhibits its major
decomposition event only at approximately 720°C (Figure S3a),
confirming that the low-temperature CO, evolution in the pre-
cursor/ Li,CO; mixture does not originate from the intrinsic
thermal decomposition of Li,CO;, but rather from reaction-
assisted Li,CO; consumption/decomposition coupled with lithia-
tion. For NCMOH-LN, an additional CO, release was observed at
approximately 200°C-220°C, corresponding to the decomposi-
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FIGURE 1 | Thermal-window separation enabled by precursor functionalization with La/Nb oxalates. The combination of (a,b) in situ heating
FTIR spectroscopy and (c) TGA/DTG profiles of NCMOH-P and NCMOH-LN each mixed with Li,COj3. Effects of (d) La/Nb introduction route and (e)
oxalate composition on the Li, CO5-related T delay. (f) Schematic of coupled and decoupled synthesis pathways. (g) Broad applicability of La/Nb oxalate

functionalization: T delay of functionalized Ni-rich precursors with Li,CO; compared to their pristine counterparts.

tion of La/Nb oxalate species coated on the precursor surface
(Figure S3b,c). Meanwhile, the Li,CO;-related CO, evolution was
shifted to above 450°C (Figure 1b).

TGA/DTG profiles allow for the direct identification of the
temperature windows where significant mass changes occur.
As shown in Figure 1c, the dehydration of NCMOH-P occurs
between approximately 250°C and 320°C, while the Li,CO;
decomposition, as evidenced by FTIR, starts at around 300°C.
This temperature overlap indicates that the two processes are not
sequential; instead, lithiation-related reactions commence while
dehydration is still ongoing. In contrast, TGA/DTG revealed
that the decomposition of La/Nb oxalates occurs at around
200°C, while the dehydration of NCMOH-LN (250°C-300°C)

and Li,CO;-related CO, evolution (>450°C) are clearly sepa-
rated in temperature. Therefore, the La/Nb oxalate functional
layer is shown to effectively modulate the reaction pathway
during cathode synthesis. To quantitatively assess the impact
of precursor functionalization on this pathway, we define the
Li,CO; decomposition temperature as the temperature at the
minimum of the DTG curve, where the CO, release rate reaches
its maximum. The shift relative to pristine NCMOH-P is defined
as the temperature delay (T delay).

To identify the origin of the delayed Li,CO;-related thermal
event, different La/Nb introduction routes were compared. Phys-
ically mixing the hydroxide precursor with La/Nb oxides or
mechanically grinding it with La/Nb oxalates resulted in only
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modest T delays of 30°C and 35°C, respectively. In contrast,
liquid-phase coprecipitated La/Nb oxalates extended the T delay
to 100°C (Figure 1d and Figure S4), while coprecipitation of
single La-oxalate or Nb-oxalate alone resulted in intermediate
delays of 41°C and 47°C, respectively (Figure 1le and Figure S5).
This comparison demonstrates that the key to the markedly
enhanced T delay lies not in simple mixing or single-element
functionalization, but in the uniform co-precipitation of both
La and Nb oxalates onto the precursor surface. Consequently,
increasing the amount of La/Nb oxalates coprecipitated on the
precursor surface led to a more pronounced mass loss at around
200°C and a progressively larger T delay, whereas excessive
functionalization compromised the reversible capacity of the
cathode and hindered the development of a well-ordered layered
lattice (Figure S6). Accordingly, LiNij ;Co,,Mn, ;0, with 1 mol%
La and 1 mol% Nb relative to the total TMs is selected as the
optimized sample and is referred to as NCM-LN hereafter.

The observed Li,CO;-related T delay gives rise to two distinct
modes of reaction-window evolution (Figure 1f). In NCMOH-P,
the dehydration of the hydroxide precursor and the decompo-
sition of Li,CO; overlap in temperature, a behavior we term
the coupled synthesis pathway (CSP). This overlap indicates
that dehydroxylation and lithiation occur simultaneously within
the same temperature window, suggesting an inherently inho-
mogeneous reaction process. In contrast, for NCMOH-LN, an
additional low-temperature decomposition of La/Nb oxalate
appears at approximately 200°C, while the dehydration window
of the hydroxide precursor and the Li,CO; decomposition are
thermally separated. This behavior corresponds to the DSP
introduced above. DSP enables a near-ideal sequential reaction
sequence during nickel-based cathode synthesis: the precursor
is fully dehydroxylated before Li,CO; decomposition and the
subsequent lithiation and oxidation reactions take place. This
sequential pathway is beneficial for improving the uniformity of
the resulting cathode material.

Importantly, this modulation effect is not limited to
the LiNi,4Co,;Mn,;0, system. We applied the La/Nb
oxalate precursor functionalization to single-crystalline
Nig 5sMny,,Cog 06(OH),, polycrystalline Nip g;Mny 1, C0g06(OH);,
and Co-free Niy,Mn,;(OH), precursor systems. When these
functionalized precursors were mixed with Li,CO;, they
exhibited clear T delays of approximately 35°C, 20°C, and 50°C,
respectively, compared to their pristine counterparts (Figure 1g
and Figure S7). These results demonstrate the broad applicability
of precursor functionalization in regulating synthesis pathway
across different nickel-based layered precursor systems. We next
examine whether the CSP and DSP modes result in different
phase-evolution pathways and structural outcomes during
calcination.

2.2 | Decoupled Synthesis Pathway Redirects
Phase Evolution During Solid-State Calcination

The differences in the reaction process between pristine and
functionalized precursors with Li,CO; were visualized by ex
situ scanning electron microscopy (SEM) during synthesis. The
mixtures of the precursor and Li,CO; were heated to various
temperatures and then quenched to obtain SEM images at

different reaction stages. As shown in Figure S8, after mixing with
Li,CO;, the NCMOH-LN precursor displays uniformly dispersed
surface deposits, corresponding to La/Nb oxalate precipitates.
Upon heating to 200°C, these oxalate species evolve into a more
uniform and continuous surface coating on NCMOH-LN (Figure
S9). In the temperature range of 300°C-600°C, the pristine
precursor particles aggregate on the surface of bulk Li,COs;,
forming localized contacts (Figure 2a and Figures S10-S13). In
contrast, the La/Nb oxalate-functionalized precursor particles
remain uniformly distributed with Li,CO; throughout this tem-
perature window (Figure 2a and Figures S10-S13). Ultimately,
in the high-temperature range of 700°C-800°C, the bulk Li,CO,
largely disappears, the morphology of both precursors changes
markedly, and a distinct coating layer is observed on the surface
of NCM-LN (Figures S14 and S15).

We further investigated the differences in the two reaction
pathways from the perspective of phase evolution of the cathode
material. In situ temperature-dependent x-ray diffraction (TD-
XRD) was used to compare the phase evolution of NCM-P
and NCM-LN during the synthesis process (Figure 2b,c). At
approximately 300°C, no unambiguous lithiated crystalline phase
is resolved by XRD, although quenched SEM already shows
the onset of localized physical contact between NCMOH-P and
Li,COs;. Such contact does not necessarily produce an immedi-
ately XRD-detectable lithiated phase, because the initially reacted
fraction may remain limited and poorly crystalline. Nevertheless,
Li,CO;-related CO, evolution is already detected near this tem-
perature by FTIR (Figure 1a), indicating the onset of interfacial
chemical reactions before a crystalline lithiated phase becomes
distinguishable by XRD. Clear differences in phase evolution
subsequently emerge upon further heating in the 300°C-500°C
range. For NCM-P, after the characteristic peaks of the hydroxide
precursor disappear, the RS (Fm-3m) phase exists only within
a narrow temperature range of approximately 300°C-400°C
(Figure S16), followed by the rapid emergence of the layered
(R-3m) phase. This reflects a strongly coupled process arising
from localized contact and inhomogeneous reaction between the
precursor and Li,CO;. Above 400°C, the layered phase gradually
intensified, while the diffraction peaks of Li,CO; progressively
weakened. In contrast, the NCM-LN maintained a uniform RS
intermediate (Fm-3m) throughout the 300°C-500°C range, with
the weakening of Li,CO; peaks occurring only above 500°C.
Meanwhile, a distinct LaNiO; phase emerged above 600°C.

Ex situ XRD further supports this difference in phase evolution
(Figure 2d and Figure S17). In the critical 400°C-500°C region, the
characteristic peak of NCM-P evolves from a NiO-like RS feature
toward a Li Ni, ,O,-like layered-related feature, suggesting local
lithiation at this stage. By contrast, NCM-LN largely retains
the NiO-like RS feature within the same temperature range,
indicating that lithiation is effectively postponed. This result is
consistent with the delayed CO, release and TGA/DTG response
associated with Li,CO; in Figure 1. Consequently, the CSP and
DSP modes arising from the Li,CO;-related T delay can be further
reflected in the differences in the lithiation process of nickel-
based cathode materials (Figure 2e). For NCM-P, the coupling of
precursor dehydration and Li,CO; decomposition (i.e. CSP mode)
results in a very narrow temperature window for the RS phase,
with the lithiated Li Ni,  O,-like phase and subsequent layered
phase appearing at relatively low temperatures. In contrast,
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and the decoupled synthesis pathway in NCM-LN.

NCM-LN follows a more decoupled pathway (i.e. DSP mode):
after the low-temperature decomposition of La/Nb oxalates, the
precursor dehydrates and evolves into a RS intermediate over
an extended temperature window, subsequently converting into
the Li,Ni,,O,-like phase and layered phase at higher tempera-
ture, along with the formation of LaNiO; phase and structural
modulation.

2.3 | Suppression of Synthesis-Derived Defects
and Formation of Surface Heterostructure

As the differences in calcination pathway were preserved in the
final particles, high-resolution transmission electron microscopy

(HRTEM) and fast Fourier transform (FFT) analyses reveal pro-
nounced local structural heterogeneity in NCM-P. At the particle
surface (Figure 3a), NCM-P does not show a continuous layered
lattice; instead, locally disordered RS domains are observed.
Meanwhile, HRTEM and corresponding FFT images also show
the presence of local spinel phases in the bulk region (Figure 3b
and Figure S18). For the undoped NCM-P, the formation of local
RS (Fm-3m) and spinel (Fd-3m) structures can be attributed to the
inhomogeneous lithiation process and asynchronous structural
evolution induced by the CSP mode. This heterogeneity compro-
mises the uniformity of Li* transport across the layered structure
during subsequent electrochemical cycling, and intensifies local
phase mismatch and stress accumulation under high-voltage
operation [6, 39, 40].
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In contrast, NCM-LN develops a uniform surface heterostruc-
ture composed of LaNiO; perovskite, RS, and layered phase
(Figure 3c). The LaNiO; phase provides a more robust metal-
oxygen framework, while the thin RS layer facilitates structural
coupling between the layered matrix and the perovskite surface
coating. Such an in situ formed heterointerface is expected
to reduce direct exposure of the active layered surface to the
electrolyte and provide a robust structural basis for interfacial
stabilization under high-voltage operation. The bulk structure of
NCM-LN is also markedly more ordered than that of NCM-P.
HRTEM and FFT analyses show that different bulk regions can
be indexed to the layered phase (R-3m), without obvious spinel-
like domains (Fd-3m) (Figure 3d). Additional HRTEM images
from other regions further confirm the continuity of the layered

lattice within the particle interior (Figure S19). Meanwhile, TEM-
EDS mapping of the same region further confirms the surface
enrichment of La and reveals that Nb tends to be uniformly doped
within the layered structure (Figure S20). This uniform surface
and bulk structure is consistent with the DSP mode identified
above, providing a robust structural basis for stable cycling under
high-voltage operation.

The distinct surface-bulk structural characteristics of NCM-P
and NCM-LN are attributed to the differences in their structural
evolution pathways during synthesis, as illustrated schematically
in Figure 3e. In NCM-P, localized contact between the precursor
and lithium salt leads to coupling of precursor dehydroxylation
and lithiation (i.e., the CSP mode), resulting in non-uniform
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lithiation of precursor particles during synthesis. This leaves
behind structural defects in the cathode material, including
lithium-deficient spinel phases. In contrast, in NCM-LN, the low-
temperature decomposition of La/Nb oxalates on the precursor
surface serves as an effective surface pretreatment, decoupling
dehydroxylation from lithiation (i.e., the DSP mode). During
the synthesis process, precursor dehydration, RS intermediate
formation, and layered-phase transformation occur sequentially
and in an orderly manner. During late-stage calcination, La
promotes the formation of a uniform surface LaNiO; perovskite
coating layer, while Nb is incorporated into the bulk as a
dopant. Consequently, the DSP mode regulates not only the
phase evolution during calcination but also the final surface-bulk
structural configuration of NCM-LN.

2.4 | Position-Selective La/Nb Regulation Enables
Surface-Bulk Structural Coupling

Following the DSP-induced formation of a surface heterostruc-
ture and a more coherent layered bulk, the spatial redistribution
of La and Nb during calcination was examined to clarify how
precursor functionalization is translated into surface-bulk reg-
ulation. Cross-sectional SEM-EDS after Ar-ion beam milling
reveals a clear spatial separation of the two elements in NCM-
LN (Figure 4a). Both EDS line scan and mapping reveal that
La is strongly enriched at the particle surface and preferen-
tially contributes surface heterostructure formation, whereas Nb
extends from the surface into the inner region and remains
relatively uniform across the cross-section. X-ray photoelectron
spectroscopy (XPS) further confirms the La-enriched surface
chemistry of NCM-LN. The La 3d signal and increased surface
Ni** fraction are consistent with the LaNiO; phase observed in
Figure 4b and Table S1, while the O 1s spectra suggest a regulated
near-surface TM-0 environment (Figure S21 and Table S2).

To elucidate the distinct lattice-site segregation preferences
of La and Nb, density functional theory (DFT) calculations
were performed on a constructed (100) surface model of
LiNi,cCo,y,Mn,;0, to probe their thermodynamic behaviors at
different regions (Figure 4c and Figure S22). Among the examined
configurations, the structure with La located at the surface and
Nb located in the bulk exhibits the lowest formation energy,
consistent with the experimental results. Given their ionic radii
differ significantly from that of Ni** (0.56 A), La** (1.03 A) shows
a strong preference for surface sites, whereas Nb>* (0.64 A) favors
substitution of Ni in the TM layer and subsequent migration into
the bulk lattice.

To further identify the doping sites and structural characteristics
of the cathode materials, high-resolution XRD with Rietveld
refinement was performed (Figure 4d, Figure S23 and Tables S3-
S6 Supporting Information). Both NCM-P and NCM-LN retained
the typical hexagonal a-NaFeO, layered structure, while NCM-
LN additionally contained a small amount of LaNiO; secondary
phase, consistent with the HRTEM and XPS results presented
above. Furthermore, Rietveld refinement revealed that local
structural defects, including RS and spinel phases resulting from
the CSP process (Figure 3a,b), persisted in NCM-P, which was
found to contain approximately 3.2% Li/Ni antisite. Notably, the
DSP-derived NCM-LN exhibited a slightly higher Li/Ni antisite

content of approximately 3.6%. To understand the origin of
this elevated antisite disorder, control cathode samples were
prepared by depositing only La-oxalate or only Nb-oxalate onto
the precursor. These experiments revealed that the relatively
higher Li/Ni antisite content in NCM-LN primarily stems from
Nb>* doping in the TM layer. To maintain local charge neutrality,
the incorporation of Nb>* promotes the formation of Ni?*, which
in turn exacerbates Li/Ni disorder. Meanwhile, because Nb is
uniformly distributed, NCM-LN does not form local RS or spinel
phases as observed in NCM-P. Instead, it exhibits an appropriate
level of antisite disorder while preserving a well-defined layered
structure.

Hard x-ray absorption spectroscopy (hXAS) further probes the
local Ni coordination environment in NCM-LN (Figure 4¢). The
x-ray absorption near-edge structure (XANES) spectra of NCM-P
and NCM-LN show close edge positions, indicating comparable
average Ni valence states. In the Fourier-transform extended x-ray
absorption fine structure (FT-EXAFS) spectra, NCM-LN shows
reduced intensities for both the Ni-O first shell and the Ni-TM
second shell, together with slightly longer fitted Ni-O and Ni-TM
distances than those of NCM-P (Figure 4f). The weakened R-
space features and modest coordination-shell expansion indicate
a perturbation of the Ni-centered local coordination order and
subtle distortion of NiOg octahedra, rather than disruption of
the long-range layered framework. This interpretation is further
supported by wavelet-transform EXAFS (WT-EXAFS), where the
Ni-O and Ni-TM scattering features show no obvious shift in k
space but only intensity variations (Figure S24). Such local mod-
ulation is consistent with Nb incorporation into the transition-
metal layer, which can induce local charge compensation and
coordination adjustment within the surrounding Ni-O/TM-O
network.

2.5 | Synthesis-Derived Structural Uniformity
Promotes Homogeneous High-Voltage Delithiation

The structural uniformity and regulation governed by the
synthesis process critically determine the homogeneity of Li*
(de)intercalation and the long-term cycling stability under high-
voltage operation. The first-cycle charge profiles of LilINCM-P
and LilINCM-LN cells reveal that NCM-LN exhibits a lower
charge plateau and higher charge capacity compared to NCM-
P, indicating lower surface polarization (Figure 5a). Consistently,
the differential capacity (dQ/dV) curves show that NCM-LN dis-
plays a sharper and more concentrated oxidation peak, whereas
NCM-P exhibits a broadened and split oxidation response
(Figure 5b). These results preliminarily confirm that the uniform
and stable surface-bulk structure of NCM-LN facilitates homo-
geneous Li* extraction and uniform TM oxidation. In contrast,
the unevenly distributed RS and spinel defects in NCM-P lead to
higher surface polarization and cause Li* extraction to proceed
asynchronously across different regions.

This difference in delithiation homogeneity is further reflected
in the operando phase evolution. In situ electrochemical XRD
shows that the (003) reflection of both materials initially shifts
to lower angles during charge, corresponding to c-axis expansion
caused by weakened interlayer electrostatic shielding after Li*
extraction (Figure 5c,d and Figure S25). However, NCM-P exhibits
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clear (003) peak splitting near 3.8 V, indicating early H1/M
two-phase coexistence and spatially heterogeneous delithiation
[41, 42]. In contrast, the (003) reflection of NCM-LN migrates
continuously within the same voltage range, resembling a more
solid-solution-like transition. This continuous peak evolution
agrees with the sharper dQ/dV response and confirms that the

structural uniformity generated by the DSP is retained under
working conditions, enabling more coherent Li* extraction and
phase evolution during the early charge process. At higher states
of charge, the (003) reflections of both cathodes rapidly shift to
higher angles upon entering the H2-H3 transition region, reflect-
ing c-axis contraction during deep delithiation (Figure 5e,f).
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However, their peak-shape evolution differs markedly. NCM-
P exhibits pronounced (003) peak broadening at high voltage,
indicating stronger microstrain accumulation and local structural
heterogeneity during rapid lattice contraction. In contrast, NCM-
LN maintains a narrower and more stable (003) peak, suggesting
a more coherent c-axis evolution with suppressed heterogeneous
lattice strain. Therefore, for NCM-LN, the uniform charging
behavior and structural stability under high voltage provide the
foundation for reversible Li* intercalation during the discharge
process [43, 44].

Statistical initial Coulombic efficiency (ICE) results from multi-
ple cells after the first discharge revealed that NCM-LN exhibits
a higher average value than NCM-P (Figure 5g and Figure S26).
This indicates that the LaNiO; surface heterostructure effectively
suppresses interfacial side reactions under high voltage, while
Nb doping contributes to a stable and reversible bulk structure.
Cyclic voltammetry (CV) measurements further reveal a smaller
anodic/cathodic peak separation and a more concentrated redox
response for NCM-LN than for NCM-P, confirming reduced
electrochemical polarization and stable, reversible structural
evolution during charge/discharge (Figure 5h and Figure S27).
Galvanostatic intermittent titration technique (GITT) measure-
ments further show higher Li* diffusion coefficients for NCM-LN
throughout charge and discharge, particularly in the high-voltage
phase-transition region (Figure 5i). In situ electrochemical
impedance spectroscopy (EIS) combined with distribution of
relaxation times (DRT) analysis also reveals a slower increase
in charge-transfer resistance for NCM-LN upon entering the
high-voltage region, whereas NCM-P undergoes a much sharper
impedance rise (Figure S28). Variable-scan-rate CV and rate-
capability tests further confirm that NCM-LN maintains lower
polarization and better capacity output under different kinetic
conditions (Figures S29 and S30).

Collectively, these improvements in delithiation homogeneity,
polarization, surface/bulk structural stability, and Li* trans-
port kinetics are expected to result in enhanced high-voltage
cycling stability. In graphite (Gr)lINCM-LN full cells operated
at 2.7-4.45 V and 1 C, NCM-LN retains 80.1% of its capacity
after 2000 cycles, whereas NCM-P undergoes rapid capacity
decay (Figure 5j). The performance advantage of NCM-LN is
further preserved under more stringent conditions, including
elevated temperature, high-loading electrodes, high voltage and
single-layer pouch cells, preliminarily validating its potential
for practical applications (Figures S31-S34). A multidimensional
comparison further highlights the balanced electrochemical per-
formance improvements of NCM-LN, placing its > 4.45V cycling
performance among the competitive Ni-based layered cathodes
reported to date (Figure 5k, Figure S35, and Table S7).

2.6 | Stabilized Oxygen Framework Mitigates
High-Voltage Cycling Degradation

The high-voltage structural stability of Ni-based cathodes is
intrinsically linked to the robustness of their lattice oxygen frame-
work. In situ differential electrochemical mass spectrometry
(DEMS) was used to monitor gas evolution during high-voltage
charging (Figure 6a,b). For NCM-P, the O, and CO, signals

become evident above 4.0 V and increase sharply beyond 4.2V,
indicating intensified lattice-oxygen release and associated par-
asitic oxidation reactions under deep delithiation. In contrast,
NCM-LN shows markedly suppressed O,/CO, evolution over the
same voltage range, consistent with the improved oxygen stability
enabled by the DSP-derived LaNiO, surface heterostructure
and layered bulk phase with Nb doping. Electron paramag-
netic resonance (EPR) spectra collected after cycling show the
same tendency (Figure 6¢): the oxygen-vacancy-related signal is
much stronger for NCM-P, whereas it is substantially weakened
for NCM-LN, confirming the enhanced stability of oxygen-
framework during high-voltage cycling. Raman spectroscopy
and differential scanning calorimetry (DSC) further support
the enhanced oxygen-framework stability of NCM-LN in the
highly delithiated state (Figure S36 and Tables S8 and S9). After
charging to 4.5V, the TM-O vibrational band of NCM-LN shifts
to higher wavenumber relative to NCM-P, suggesting a strength-
ened metal-oxygen bonding environment. Consistently, NCM-
LN exhibits weaker and slightly higher-temperature exothermic
reactions in DSC, whereas NCM-P shows more intense heat
release [45].

Post-cycling hXAS further reveals the different evolution of
the Ni-centered coordination environment during high-voltage
cycling (Figure 6d,e and Figure S37). After cycling, NCM-
P shows a noticeable shift of the Ni K-edge toward lower
energy compared with NCM-LN, indicating a decrease in the
average Ni valence associated with oxygen loss. EXAFS fitting
further shows that the average Ni-O distance in cycled NCM-
P is ~0.02 A shorter than that in NCM-LN (Figure 6e). The
shortened Ni-O distance in cycled NCM-P reflects oxygen-
loss-induced local structural collapse, whereas the preserved
Ni-O coordination in NCM-LN indicates a more stable oxygen
framework during high-voltage cycling. DFT calculations further
support a higher oxygen-vacancy formation energy for NCM-
LN than for NCM-P, indicating a greater energetic penalty for
oxygen-defect generation after La/Nb regulation (Figure 6f and
Figure S38).

Post-cycling HRTEM and FFT analyses further reveal the dif-
ferent degrees of surface degradation after high-voltage cycling
(Figure 6g,h). NCM-P develops a markedly thickened RS-like
reconstructed layer, indicating severe surface degradation asso-
ciated with oxygen loss and TM migration. In contrast, the cycled
NCM-LN surface still preserves a mixed heterostructure con-
sisting of LaNiO; perovskite, RS, and layered phases, while the
underlying layered phase remains structurally continuous. This
retained architecture indicates that the uniform La-rich surface
heterostructure and Nb-modulated layered bulk remain effec-
tive during cycling, thereby mitigating oxygen-release-driven
reconstruction, and the associated capacity decay.

The suppressed oxygen-related degradation is also reflected in the
post-cycling electrochemical response: EIS combined with DRT,
CV, and GITT measurements show lower impedance growth,
smaller polarization accumulation, and more stable Li* diffusion
for NCM-LN after long-term cycling (Figures S39-S42). In paral-
lel, TM dissolution measurements on the Li anode side further
confirm reduced interfacial side reactions and TM dissolution in
NCM-LN (Figure S43).
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NCM-LN

Stabilized oxygen framework and surface structure during high-voltage cycling. (a,b) DEMS profiles of NCM-P and NCM-LN during

high-voltage charging. (c) EPR spectra of NCM-P and NCM-LN after cycling. (d) XANES spectra and enlarged regions of NCM-P and NCM-LN after
cycling. (e) FT-EXAFS spectra of NCM-P and NCM-LN after cycling. (f) Calculated oxygen-vacancy formation energies. (g;h) HRTEM images and

corresponding FFT patterns of NCM-P and NCM-LN after cycling.

3 | Conclusion

In summary, we have demonstrated that decoupled synthesis
pathway (DSP) enabled by La/Nb oxalate precursor function-
alization effectively addresses the long-standing challenges of
inherited structural defects and oxygen framework instability in
LiNiycCoy;Mn,;0, cathodes under 4.5 V high voltage opera-
tion. Unlike the conventional coupled synthesis pathway (CSP)
where precursor dehydration and Li,CO; decomposition overlap
in temperature, DSP introduces a low-temperature decompo-
sition of La/Nb oxalates, shifting the Li,CO;-related thermal
events to higher temperatures, and enabling sequential pre-
cursor dehydroxylation, rock-salt (RS) intermediate formation,
and layered-phase transformation over an extended temperature
window. This DSP-derived cathode (NCM-LN) exhibits a uni-
form surface LaNiO; perovskite heterostructure and a Nb-doped

layered bulk with suppressed RS and spinel defects. Under high-
voltage operation, NCM-LN delivers homogeneous (de)lithiation,
reduced surface polarization, enhanced Li* transport kinetics,
and a stabilized oxygen framework, effectively mitigating struc-
ture degradation. Consequently, in graphitelINCM-LN full cells,
NCM-LN retains 80.1% of its capacity after 2000 cycles at 1 C
within 2.7-4.45 V, outperforming the pristine counterpart, with
the performance advantage maintained under elevated temper-
ature and high-loading conditions. Furthermore, the decoupling
effect is broadly applicable to various Ni-based precursor sys-
tems, including single-crystalline Ni,g;Mng;,Coyo6(OH),, poly-
crystalline Nij g;Mn,;;Co, os(OH),, and Co-free Ni,,Mn,,(OH),
precursor. Collectively, this work establishes DSP as a gener-
alizable strategy for designing nickel-based layered cathodes
with excellent structural uniformity and integrated surface-
bulk structural modification, offering a practical route toward
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high-energy, long-life lithium-ion batteries operating at high
voltages.
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