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uction driven by low oxygen
chemical potential sintering: unlocking superior
material properties
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O3-Type layered oxides are promising Na-ion battery cathodes owing to their high theoretical capacity and

facile synthesis. Increasing the upper cutoff voltage (V > 4.0 V vs. Na+/Na) is crucial for improving the

practical capacity. However, irreversible electrolyte side reactions at high voltages impede their practical

applications. In this work, we develop a low oxygen chemical potential (LOCP) sintering strategy to

modify the O3-type cathode, creating Ti-rich surfaces through structural reorganization. This surface

engineering significantly enhances the interfacial stability between the cathode and the electrolyte, and

the optimized cathode delivers an initial discharge capacity of 146.7 mA h g−1 with 85.6% capacity

retention after 500 cycles in a pouch full-cell. Mechanistic studies reveal that LOCP sintering induces

surface oxygen vacancies while enabling Na deintercalation and surface sodium residual accumulation.

These oxygen vacancies promote bulk-to-surface Ti migration alongside Mn valence reduction,

ultimately driving structural phase transitions. DFT calculations confirm that oxygen vacancies reduce Ti

migration barriers, elucidating the atomic-scale transformation mechanism. This work sheds light on

surface engineering of O3-type layered oxides and provides valuable insights for developing high-

voltage sodium-ion batteries with extended cyclability.
Introduction

Na-ion batteries (NIBs) present promising prospects for the
energy storage market, attributed to their cost-effectiveness and
the availability of abundant raw materials.1 Among various
cathode materials for NIBs, O3-type layered oxides stand out for
industrial applications owing to their ease of synthesis and high
theoretical specic capacity.2 However, to fully realize the
potential of these materials, it is necessary to increase the
charging cutoff voltage of the battery system. At high voltages,
irreversible phase transitions occurring in the cathode material
and the oxidative degradation of electrolyte lead to severe
capacity decay.3,4 Addressing these interfacial instability issues
is essential for advancing the commercialization of NIBs.

Under high voltage conditions ($4.2 V, V vs. Na+/Na), the
interface between O3-type cathodes and conventional
tral South University, Changsha 410083,

stry of Education for Advanced Battery

ha 410083, China

errous Value-Added Metallurgy, Central

Materials Key Laboratory, Central South

18460
electrolytes become thermodynamically unstable. The widely
used carbonate-based electrolytes with NaClO4 or NaPF6 salt
undergo decomposition at elevated potentials, forming an
insulating surface layer that hinders ionic transport.5,6

Concurrently, oxygen release and transition metal dissolution
triggered by interfacial side reactions further exacerbate mate-
rial's structural degradation.7–9 These intertwined challenges
underscore the urgency to develop cathode materials with
enhanced interfacial stability for high-voltage NIB operation.

Surface coating has been widely explored as a primary
strategy to mitigate interfacial degradation in layered oxide
cathode materials. Current coating materials, including
oxides,10,11 metal uorides,12 phosphates,13 and fast ion
conductors,14,15 aim to create a protective surface layer, which
enhances the interfacial stability of the cathode. While effective
in principle, practical implementation faces substantial hurdles
in achieving uniform coating morphology with precise control
over thickness and composition. This limitation motivates the
search for alternative interfacial engineering approaches that
combine process simplicity with performance reliability.

In this study, we propose a low oxygen chemical potential
(LOCP) sintering strategy to in situ construct a stabilized inter-
face on the NaNi0.35Fe0.2Mn0.3Cu0.05Ti0.1O2 (NFMCT) O3-type
cathode material. While similar approaches have been previ-
ously reported for P2-type cathode materials,16–18 application to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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O3-type cathode remains underexplored. However, owing to the
pronounced differences in sodium stoichiometry and crystal
symmetry, P2 (P63/mmc) versus O3 (R�3m), identical LOCP
protocols can drive fundamentally different structural and
interfacial evolution pathways. Accordingly, elucidating the
LOCP-driven evolution in O3-type cathode is necessary and
timely. Here, by carefully controlling the calcination conditions
at 600 °C under a low oxygen chemical potential, we synthesized
the Ar-600 sample, which exhibits a distinct Ti-enriched and
Mn-depleted surface phase transition layer. This structural
feature was conrmed by scanning transmission electron
microscopy and electron energy loss spectroscopy. Comple-
mentary characterization techniques, including electron para-
magnetic resonance, surface residual alkali analysis, and open-
circuit voltage measurements, collectively reveal the formation
mechanism of this self-stabilized interface. Electrochemical
evaluations in half-cell, full-cell, and pouch-cell congurations
demonstrate signicantly improved cycling stability for the Ar-
600 sample as compared to untreated NFMCT. Further inves-
tigation through X-ray photoelectron spectroscopy, high-
temperature self-discharge tests, and electrochemical imped-
ance spectroscopy conrms enhanced interfacial stability and
superior sodium-ion diffusion kinetics in the modied mate-
rial. Density functional theory calculations provide atomic-level
insights into the critical role of oxygen vacancies generated
during low oxygen chemical potential sintering in regulating Ti
migration and interface formation. This work establishes
a novel material processing paradigm for engineering stable
interfaces in layered oxide cathodes, offering a viable pathway
toward high-performance NIBs.

Results and discussion

The NaNi0.35Fe0.2Mn0.3Cu0.05Ti0.1O2 (NFMCT) cathode material
was synthesized via a conventional solid-state method, which
was then subjected to secondary annealing in an LOCP envi-
ronment at 400 °C, 600 °C, and 800 °C (denoted as Ar-400, Ar-
600, and Ar-800, respectively). The XRD patterns conrm that
all samples are indexed to the structure of O3-type cathode
materials with the R�3m space group (SI Fig. 1). It indicates that
the LOCP treatment does not alter the structure of the O3-type
NFMCT cathode material. The scanning electron microscopy
(SEM) images (SI Fig. 2) demonstrate that both pre-LOCP and
post-LOCP treatment samples exhibit single-crystal particle
morphology, with an average particle size of 2–3 mm. Further
EDS mapping reveals a uniform distribution of all elements on
the surface of NFMCT and Ar-600 samples (SI Fig. 3 and SI Fig.
4), indicating that the LOCP treatment does not affect the
characteristics of the uniform distribution of the elements at
the micrometer level. Additionally, backscattered electron
imaging in SEM conrms the absence of signicant impurity
phases of Ar-600 sample (SI Fig. 5), which is in accordance with
the XRD analysis.

To grasp the structural features of the samples at the atomic
level, the NFMCT and Ar-600 samples were treated using
a focused ion beam (FIB) for scanning transmission electron
microscopy (STEM) analysis. The cross-sectional atomic-
© 2025 The Author(s). Published by the Royal Society of Chemistry
resolution high-angle annular dark-eld (HAADF) image of
NFMCT (Fig. 1a) shows that the NFMCT exhibits a consistent
atomic arrangement from the bulk phase to the surface,
demonstrating that there is no phase transition and is well-
crystallized. Fast Fourier transform (FFT) analysis of this
region (Fig. 1d) reveals that the phase structure corresponds to
the R�3m space group with a [010] zone axis. These results
conrm that the structure of NFMCT maintains homogeneity
from the bulk to surface and retains the O3-type cathode
structure. In contrast to NFMCT, the cross-sectional atomic
HAADF-STEM image of the Ar-600 sample (Fig. 1b) shows
structural variation on the surface. FFT analysis of the bulk and
surface regions of the Ar-600 sample was performed to conrm
the corresponding structure and zone axis orientation. In the
bulk region (region f), the space group of this region is recog-
nized as R�3m with the zone axis [010] (Fig. 1f). Conversely, in the
approximately 12 nm region near the surface (region e), the
structure deviates from the R�3m space group and recognized as
the C2/m space group with the [010] zone axis (Fig. 1e). This
proves that LOCP treatment induces structural transformations
on the surface region of NFMCT.

To further investigate the evolution of the R�3m space group
structure to the C2/m space group structure, we analyze the
atomic HAADF-STEM image of the middle region of the two
phases for the Ar-600 sample, with pseudo-color coloring for
convenience of observation (Fig. 1c). The image reveals a tran-
sition region (region III) between the surface (region II) and the
bulk phase (region I), where there is a dislocation within the Na
layer and transition metal (TM) layer. This indicates that the
R�3m structure rst experienced dislocations between the Na and
TM layers in the R�3m space group, then formed the C2/m space
group structure, revealing the structural evolution process of
layered oxide under LOCP treatment. Furthermore, the atomic
HAADF-STEM image of the Ar-600 sample reveals that the
brightness of the surface atomic columns is signicantly lower
than that of the bulk atomic columns, indicating that the
average atomic mass of the surface atomic column elements is
less than that of the bulk atomic columns.16 This contrasts with
the uniform atomic column brightness in the HAADF-STEM
image for the NFMCT sample, indicating that the LOCP treat-
ment induces the migration of elements at the surface of the
material.

Inspired by the potential elemental migration from HAADF-
STEM analysis, the electron energy loss spectroscopy (EELS)
technique was employed to analyze the chemical state of surface
elements of both the NFMCT and Ar-600 samples. The corre-
sponding schematic diagrams of the EELS recording area and
direction are presented in Fig. 2a and c. For NFMCT, the EELS
spectra (Fig. 2b) reveal no evidence of oxygen vacancies or
changes in elemental valence, corroborating the previously
observed homogeneous surface structure. In contrast, the Ar-
600 sample exhibits a weakening of the O pre-edge peak (indi-
cated by the dashed line) of O K-edge from the bulk to the
surface, with near-complete suppression at the outermost layer
(Fig. 2d). As the pre-edge peak intensity is indicative of oxygen
vacancies, this trend conrms the presence of oxygen vacancies
within the top ∼12 nm of the surface region.16,19 Additionally,
Chem. Sci., 2025, 16, 18450–18460 | 18451
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Fig. 1 Structural characterization of materials. (a) Atomic HAADF-STEM image of NFMCT. (b) Atomic HAADF-STEM image of Ar-600. (c) An
enlarged view of the dashed region in (b) is shown in pseudo-color. (d) The FFT patterns of region d in (a, e and f). The FFT patterns of regions e
and f in (b).
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the Mn L-edge spectra of Ar-600 show a shi of the L3 and L2
peaks to lower energies near the surface, suggesting a reduction
in Mn valence.20 In contrast, the valence states of Ni, Fe, and Ti
remain unchanged. These observations are absent in the
NFMCT sample, where all elemental states remain consistent
across the surface and bulk. Thus, the LOCP treatment results
in a substantial increase in surface oxygen vacancies and
a concurrent reduction in Mn valence, as indicated by the EELS
analysis. To further validate the presence of oxygen vacancies,
Electron Paramagnetic Resonance (EPR) spectroscopy was
conducted (Fig. 2e). All samples exhibit a g-factor of 2.005,
which is a signature of oxygen vacancies (SI Fig. 6).21–23 Quan-
titative analysis (SI Table 1) shows that Ar-400 and Ar-600 have
the highest and comparable concentrations of oxygen vacan-
cies, while NFMCT and Ar-800 have signicantly fewer oxygen
vacancies. These results indicate that LOCP treatment at inter-
mediate temperatures induces oxygen vacancies, primarily
localized on the surface, as also conrmed by EELS. The
correlation between reduced Mn valence and oxygen vacancy
formation further supports the mechanism wherein oxygen
anions donate electrons to Mn ions before escaping the lattice.
The formation of these vacancies is driven by the difference in
18452 | Chem. Sci., 2025, 16, 18450–18460
the oxygen chemical potential between the bulk and the inert
gas atmosphere. At elevated temperatures, oxygen diffuses from
regions of high to low potential, which is facilitated by thermal
energy.

However, for the Ar-800 sample, the vacancy concentration is
comparable to that of the pristine NFMCT, in contrast to the
higher levels observed in Ar-400 and Ar-600. This behavior can
be attributed to a competing high-temperature process: under
an inert atmosphere, Ni atoms in the layered oxide framework
diffuse outward together with oxygen to form NiO impurities (SI
Fig. 1) due to the higher thermodynamic stability of NiO at high
temperatures.24,25 In this case, Ni is removed from the bulk in
the form of stable NiO, resulting in a lower net oxygen vacancy
concentration despite the higher thermal energy available to
promote vacancy generation.

EELS spectra were also used to map the distribution of
elements from the surface inward. To reduce signal noise and
improve reliability, multiple spectra were averaged and plotted
as line proles. For NFMCT (Fig. 2f and SI Fig. 7a), a uniform
distribution of elements conrms its homogeneous surface. In
contrast, Ar-600 (Fig. 2g and SI Fig. 7b) shows a gradient where
Ti concentration decreases and Mn increases from the surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of material surface states and oxygen vacancies. Schematic diagram of the area tested by EELS and the direction of the
test for (a) NFMCT and (c) Ar-600. EELS spectra of (b) NFMCT and (d) Ar-600. (e) EPR spectra of NFMCT, Ar-400, Ar-600, and Ar-800. Distri-
bution of the elemental content of (f) NFMCT and (g) Ar-600, analyzed by EELS characterization. (h) The open-circuit voltage of the coin half-cell
for four samples.
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to the bulk, while Ni and Fe remain unchanged. This indicates
a Ti-rich, Mn-decient surface, localized within the top∼12 nm,
which is consistent with structural changes and oxygen vacan-
cies. These results strongly suggest that LOCP treatment
induces Ti migration to the surface, coupled with Mn valence
changes and oxygen vacancy formation.

To assess the impact of Ti migration on the lattice structure,
Rietveld renement of XRD data was performed. All LOCP-
treated samples exhibit reduced lattice parameters (a, b, and
c) and volume (V) compared to NFMCT (a = b = 2.984 Å; c =

16.026 Å; V = 123.58 Å3) (SI Fig. 8; SI Tables 2–5). While Ti
doping in O3-type cathodes typically expands the lattice,26–28 the
observed contraction indicates Ti reduction from the bulk,
consistent with its surface accumulation. Additionally, the Na
layer spacing, d(O–Na–O), increases aer LOCP treatment (SI
Table 6), suggesting Na+ deintercalation, which aligns with Na
migration and Na2CO3 formation discussed below. Sodium
migration during LOCP treatment was further examined by
quantifying residual Na2CO3 on sample surfaces (SI Fig. 9 and
Table 7). The Na content (W(Na)) on NFMCT, Ar-400, Ar-600, and
Ar-800 surfaces was 2871, 3801, 3408, and 3263 ppm, respec-
tively, showing an initial increase followed by a decrease with
increasing temperature. This trend suggests that oxygen
vacancy formation promotes Na diffusion from the bulk to the
surface, where it reacts with trace CO2 in the chamber to form
Na2CO3. Generally, an increase in the content of surface Na2CO3

is expected to increase the surface impedance and promote gas
evolution during charge–discharge cycling. However, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
increments for Ar-400 (930 ppm) and Ar-600 (537 ppm) remain
low compared with typical residual sodium levels in layered
oxides, which is approximately 5000 to 10 000 ppm. Thus, this
degree of carbonate accumulation is unlikely to exert a signi-
cant adverse impact on practical cell performance, which is
further supported by the improved cycling stability observed for
both Ar-400 and Ar-600 in subsequent electrochemical tests.

Based on the above integrated evidence, we propose the
following mechanism for structural and chemical composition
evolution in NFMCT under LOCP treatment. At elevated
temperatures in the LOCP environment, surface oxygen atoms
diffuse outward owing to the difference in oxygen chemical
potentials, forming oxygen vacancies. Concurrently, Ti migrates
from the bulk to the surface, Mn undergoes a valence state
reduction, and Na+ is extracted from the structure. These
changes result in lattice distortion and a phase transition from
the original R�3m to a C2/m structure, ultimately forming a Ti-
enriched surface.

To validate this mechanism, we measured the open-circuit
voltage (OCV) of half-cells assembled with the treated samples
(Fig. 2h; 10 cells per each sample). OCV values initially increase
and then decrease with increasing temperature. Since OCV is
determined by the Fermi level difference between the cathode
and anode, both the reduction in Mn4+ and formation of oxygen
vacancies raise the cathode Fermi level, leading to a lower
OCV.29–32 For the Ar-400 sample, increased surface Na raises the
OCV, akin to the charging process of a cell. In the Ar-600
sample, although less Na migrates to the surface, Mn valence
Chem. Sci., 2025, 16, 18450–18460 | 18453
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decreases signicantly, elevating the Fermi level and lowering
the OCV. In Ar-800, further reductions in surface Na slightly
lower the OCV. These results corroborate the changes in Mn
valence and Na distribution induced by LOCP treatment and
support the proposed mechanism.

We further investigated the electrochemical properties of all
samples using coin half-cells, with sodiummetal as the negative
electrode. The assembled cells were evaluated through a 0.1C
charge–discharge test (Fig. 3a, and SI Table 8). The data
demonstrate that LOCP treatment does not signicantly affect
the initial electrochemical characteristics, including specic
capacity and coulombic efficiency. Then, we assessed the
cycling stability of all samples at a current density of 1C (SI Fig.
10a). The results show that the cycling stability of the LOCP
treated samples is enhanced, with the Ar-400 and Ar-600
samples exhibiting the improved performance. Notably, the
Ar-600 sample maintains 80.2% of its initial capacity aer 100
cycles. Additionally, the results of median voltage at 1C and the
calculated energy density of all samples (Fig. 3b and SI Fig. 10b)
demonstrate that LOCP treatment leads to an increase in
median voltage and elevated energy density, particularly for the
Ar-600 sample. Specically, the initial energy density of the Ar-
Fig. 3 Electrochemical performance of materials. (a) Initial charge–disch
half-cell. (b) Mean voltage decay plot for NFMCT, Ar-400, Ar-600, and
NFMCT, Ar-400, Ar-600, and Ar-800 at different current densities. (d) Ini
and Ar-600. (e) Cycling performance of a coin full-cell at 1C for NFMCT
cell of NFMCT and Ar-600. (g) Cycling performance of a pouch full-cell a
cell performance of O3-type cathode materials with the published litera

18454 | Chem. Sci., 2025, 16, 18450–18460
600 sample reaches 520.9 W h kg−1 at 1C current density
(calculated based on the mass of the cathode material). The Ar-
800 sample shows slightly inferior performance compared with
Ar-400 and Ar-600, which can be attributed to the presence of
NiO impurities and the lower oxygen vacancy concentration,
both of which hinder the formation of a robust surface recon-
struction layer. And the assembled cells were further evaluated
through galvanostatic measurements at various current densi-
ties (Fig. 3c). The data indicate that LOCP treatment does not
affect the initial capacity at various current densities.

To evaluate the electrochemical performance of the samples
more systematically, the performance of NFMCT and Ar-600
sample was further assessed using a coin full-cell, with hard
carbon (HC) as the negative electrode (Fig. 3d–f and SI Table 9).
The initial coulombic efficiency of the coin full-cells was
approximately 85%, indicating a high level of efficiency and
conrming successful full-cell matching. The cycling stability of
NFMCT and Ar-600 sample was tested at 1C current density,
with the Ar-600 sample showing 75.0% capacity retention aer
300 cycles, while the NFMCT sample retained only 68.3%. This
demonstrates that the Ar-600 sample exhibited superior cycling
stability compared to NFMCT. A pouch full-cell using the Ar-600
arge curves of NFMCT, Ar-400, Ar-600, and Ar-800 at 0.1C with a coin
Ar-800 at 1C with a coin half-cell. (c) Discharge specific capacity of
tial charge–discharge curves at 15 mA g−1 for a coin full-cell of NFMCT
and Ar-600. (f) Charge–discharge curves at 150 mA g−1 for a coin full-
t 0.5C charging and 1C discharging for Ar-600. (h) Comparison of full-
ture (references are provided in the SI).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cathode (Fig. 3g and SI Table 9) was designed and assembled to
further assess the performance of the Ar-600 sample.

The initial coulombic efficiency of the pouch full-cell was
86.3%, and the energy density was 465.6 W h kg−1 (based on the
mass of the cathode material). The results of a long cycling test
with 0.5C charging and 1C discharging demonstrate that it
maintains a capacity retention of 85.6% aer 500 cycles, which
positions the full-cell among the top-performing cells reported
in recent literature (Fig. 3h and SI Table 10). We further evalu-
ated the Na+ diffusion coefficients of NFMCT, Ar-400, Ar-600,
and Ar-800 during both the charging and discharging
processes using the galvanostatic intermittent titration tech-
nique (GITT) (SI Fig. 11). The results indicate that LOCP treat-
ment does not signicantly affect the Na+ diffusion kinetics,
suggesting that the reconstructed surface layer does not hinder
Na+ diffusion within the material.
Fig. 4 Characterization of the effect of Ti elemental enrichment on surf
and (b) Ar-600 samples. (c) Transition metal element content in the sodi
EIS data and fitted data before and after cycling for NFMCT and Ar-600. (e
and the FFT patterns of regions I and II. (f) Schematic diagram of the area
cycling. (g) Distribution of the elemental content for the Ar-600 sample
visualization of NFMCT and Ar-600 electrodes (the samples were obtain

© 2025 The Author(s). Published by the Royal Society of Chemistry
To elucidate the effect of surface Ti enrichment on electro-
chemical performance, a series of surface characterization
studies were conducted on aged electrodes from coin half-cells.
X-ray photoelectron spectroscopy (XPS) was rst employed to
examine the surface states of NFMCT and Ar-600 samples at
different states of charge (Fig. 4a and b). All spectra were cali-
brated using the C–C bond at 284.8 eV (SI Fig. 12). The O 1s
spectra were divided into four components, corresponding to
lattice oxygen, oxygenated inorganic species (e.g., Na2CO3 and
Na2O), organic electrolyte decomposition products (C–O and
C]O), and Na-KLL Auger peaks.33–35 To facilitate comparison,
the peaks associated with oxygenated inorganic and organic
species were normalized, and the relative proportion of elec-
trolyte decomposition species was calculated. In the pristine
state, both samples exhibited similar oxygen environments.
However, aer charging to 4.2 V, a distinct difference appeared
ace properties. XPS spectra of O 1s in different states of the (a) NFMCT
um metal anode of NFMCT and Ar-600 half-cells after 100th aging. (d)
) Atomic HAADF-STEM image of the Ar-600 sample after 100th cycling
tested by EELS and the direction of the test for the Ar-600 sample after
after cycling, as analyzed by EELS characterization. (h) TOF-SIMS 3D
ed after self-discharge measurement of the full cell).
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in the intensity of the electrolyte decomposition peaks: NFMCT
showed a signicantly higher proportion (52%) than Ar-600
(40.3%), suggesting reduced electrolyte oxidation in the latter.
This improvement is attributed to the Ti-rich surface and stable
Ti–O bonds in the Ar-600 sample, which lower the presence of
high-valence transition metals and suppress the oxidative side
reactions. Further analysis of electrodes aer full discharge (2.0
V) and aer 100 cycles showed consistent results. Electrolyte
decomposition products in NFMCT remained higher (57.8%
and 56.4%) than in Ar-600 (42.2% and 46.2%), conrming that
Ti surface enrichment mitigates electrolyte degradation
throughout cycling. Moreover, the content of transition metal
elements on the sodium metal anode of the aged battery was
analyzed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) (Fig. 4c). The NFMCT cell exhibited
higher Fe, Mn and Ni levels, conrming that Ti surface
enrichment in Ar-600 suppresses transition metal dissolution,
contributing to enhanced electrode stability.

Ultimately, electrochemical impedance spectroscopy (EIS)
was employed to characterize impedance changes in the
NFMCT and Ar-600 samples before and aer cycling, reecting
the surcial stability of cathodematerials before and aer LOCP
treatment. The EIS spectra are illustrated in Fig. 4d, with the
tted data presented in SI Table 11, and the equivalent circuit
diagram used for the tting is displayed in SI Fig. 13. Pre-cycling
EIS spectra were tted with an equivalent circuit comprising
electrolyte resistance (Rs) and charge transfer resistance (Rct).
Aer cycling, an additional resistance component attributed to
the solid electrolyte interphase (RSEI) was introduced. Initially,
Rct values were comparable between samples. Post-cycling,
NFMCT exhibited higher RSEI and Rct (73.9 U and 132.5 U,
respectively) compared to Ar-600 (60.6 U and 92.3 U), indicating
less surface passivation and better Na+ transport kinetics in the
Ar-600 sample due to reduced interfacial side reactions.

The aforementioned results come to a solid conclusion that
the as-obtained surface Ti-enriched Ar-600 sample through
LOCP treatment displays superior interfacial stability during
electrochemical cycling. To further conrm the structural
stability of the surface Ti-enriched phase, Ar-600 samples aer
cycling were prepared using FIB and characterized via atomic-
resolution HAADF-STEM and EELS (Fig. 4e–g and SI Fig. 14
and 15). HAADF-STEM revealed the persistence of a C2/m phase
transition layer within ∼4 nm from the surface. EELS spectra
conrmed Ti enrichment and the presence of oxygen vacancies
in this region, while Mn remained in a reduced valence state.
These ndings verify the structural integrity and electro-
chemical stability of the Ti-enriched surface during cycling.
Additionally, a cathode electrolyte interphase (CEI) layer with
a thickness of approximately 6 nm is observed on the surface of
the Ar-600 sample aer cycling (Fig. 4e), compared to a signi-
cantly thicker∼12.5 nm CEI layer on the NFMCT sample (SI Fig.
16). The thickness of the CEI is correlated with the extent of
electrolyte oxidative decomposition. The thinner CEI on the Ar-
600 sample indicates fewer side reactions at the CEI, further
conrming the improved interfacial stability resulting from the
LOCP treatment.
18456 | Chem. Sci., 2025, 16, 18450–18460
To further validate the enhanced interfacial stability, self-
discharge tests were conducted on coin full-cells at 100% SOC
and 60 °C. Three identical cells per sample were tested, and the
results are shown in SI Fig. 17. The Ar-600 cells exhibited
signicantly smaller voltage drops compared to NFMCT, con-
rming reduced self-discharge and superior electrode–electro-
lyte compatibility. Subsequently, we disassembled the self-
discharged cell and then performed time-of-ight secondary
ion mass spectrometry (TOF-SIMS) to analyze the ion species on
the two cathode surfaces (Fig. 4h and SI Fig. 18). The TOF-SIMS
results reveal signicant differences in the surface decomposi-
tion products between NFMCT and Ar-600 measured in the
same battery system. The detection of MnF3

− ionic species on
both samples indicates the dissolution and reaction of transi-
tion metals with the electrolyte system.36 A higher abundance of
MnF3

− on the NFMCT sample suggests instability of the tran-
sition metals on the cathode surface in the electrolyte system.37

Furthermore, other signals, including NaF2
− and NaFCl−

(arising from side reactions between F−- and Cl−-containing
species in the electrolyte with active Na), as well as Cl−, C2HO−,
CHO2

−, CH2
−, and FCl− (from electrolyte decomposition

products), are more prominent in the NFMCT sample compared
to the Ar-600 sample. This suggests that the elemental enrich-
ment of Ti on the surface of the Ar-600 sample mitigates these
side reactions.38

The preceding characterization experiments, including XPS,
TM dissolution analysis, EIS, TOF-SIMS, HAADF-STEM, EELS,
and high-temperature self-discharge tests, collectively conrm
that LOCP treatment enhances interfacial stability and cycling
performance. These improvements are attributed to the
enrichment of non-electrochemically active Ti elements and the
stable Ti–O bond on the surface aer LOCP treatment, which
reduce the reactivity between electrochemically active elements
and electrolyte, thus minimizing irreversible side reactions at
the cathode surface. The stability of the surface phase transition
layer aer LOCP treatment was further conrmed by post-
cycling characterization.

Although the enrichment of Ti on the surface and its role in
enhancing interfacial stability have been established, the
mechanism underlying the diffusion of Ti to the surface aer
LOCP treatment remains unclear. To uncover this, we per-
formed Density Functional Theory (DFT) calculations to explore
the thermodynamic and kinetic origins of Ti enrichment on the
surface under LOCP. From a thermodynamic perspective, we
rst calculated the formation energies by constructing different
surface reconstruction structures, which allowed determining
which conguration is more stable. We began by calculating
formation energies for four distinct models: (1) the original
NFMCTmodel, corresponding to model 1 in Fig. 5a; (2) a model
with two oxygen vacancies introduced into model 1 to calculate
the formation energy with oxygen vacancies only, correspond-
ing to model 2 in Fig. 5b; (3) a model in which the elemental
ratios are modied based on previous EELS results for the
surface region of the Ar-600 sample, with two oxygen vacancies
introduced, as shown in model 3 in Fig. 5d; and (4) a model
where we construct the C2/m structure based on previous EELS
and STEM results, modify the elemental ratio, and introduce
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DFT calculations of Ti elemental enrichmentmechanism. (a) Formation energy calculations for the original crystal structure (Model 1; R�3m
space group, original atomic ratios, and no oxygen vacancies). (b) Introduction of two oxygen vacancies based on Model 1 (Model 2; R�3m space
group, original atomic ratio, and two oxygen vacancies). (c) Dual view of the Ti atom migration model for migration energy barrier calculations
based on Model 1 (Model 5; R�3m space group, no oxygen vacancies, and a migration path between two oxygen atoms). (d) Introduction of two
oxygen vacancies into Model 1, with adjustments to elemental ratios according to Ti enrichment behavior (Model 3; R�3m space group, elemental
ratios adjusted according to EELS results, and two oxygen vacancies). (e) Introduction of two oxygen vacancies based on the C2/m space group,
with adjustments to elemental ratios according to Ti enrichment (Model 4; C2/m space group, elemental ratios adjusted according to EELS
results, and two oxygen vacancies). (f) Dual view of the Ti atommigration model for migration energy barrier calculations based on Model 1 with
one oxygen vacancy (Model 6; R�3m space group, one oxygen vacancy, and a migration path through the oxygen vacancy). The above model is
a partial enlargement; a full view of the model is shown in the SI. (g) The formation energy of different models relative to Model 1. (h) The
migration energy barrier for the two migration paths.
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two oxygen vacancies, corresponding to model 4 in Fig. 5e.
These models in the above graphs are partially enlarged
pictures, and the corresponding complete model is shown in SI
Fig. 19.

Based on the models described above, the formation ener-
gies of models 2, 3, and 4 relative to model 1 was calculated, and
the results are presented in Fig. 5g. The formation energies, in
descending order, are as follows: model 2 (3.957 eV), model 3
(2.571 eV), and model 4 (1.946 eV). These results suggest that
the higher energy associated with the formation of oxygen
vacancies in the NFMCT samples under LOCP is unfavorable for
structural stability (model 2), causing the material to sponta-
neously transition toward a lower-energy conguration. The
enrichment of Ti in surface regions with oxygen vacancies
contributes to a decrease in the energy of the system (model 3).
Additionally, the phase transition from R�3m to C2/m further
reduces the energy of the system (model 4), resulting in a stable,
© 2025 The Author(s). Published by the Royal Society of Chemistry
low-energy state. These ndings, derived from DFT calcula-
tions, provide insight into the underlying mechanisms of
oxygen vacancies driving the changes in element ratios on the
surface and the structural transformation of the material aer
LOCP treatment.

In the above discussion, we calculated the formation ener-
gies of different reconstructed structures from a thermody-
namic perspective and identied that the conguration with the
C2/m space group, oxygen vacancies, and Ti enrichment
exhibits the lowest formation energy. However, the specic
process through which Ti atoms enrich at the surface remains
unclear. We therefore hypothesize that the presence of oxygen
vacancies may reduce themigration energy barrier of Ti, thereby
facilitating the diffusion of Ti atoms toward vacancy-rich
surface regions. Further calculation of the migration energy
barriers for Ti in the presence and absence of oxygen vacancies,
corresponding to model 5 (Fig. 5c) and model 6 (Fig. 5f), was
Chem. Sci., 2025, 16, 18450–18460 | 18457
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performed. In the presence of oxygen vacancies, the migration
path of Ti was designed to pass through the sites of oxygen
vacancies. While in the absence of oxygen vacancies, Ti migra-
tion occurred between two oxygen atoms. The results of these
migration energy barrier calculations (Fig. 5h) demonstrate that
the migration energy barrier for Ti is signicantly lower in the
presence of oxygen vacancies compared to without oxygen
vacancies, indicating that oxygen vacancies facilitate the
migration and rearrangement of Ti. Collectively, the DFT anal-
yses elucidate, from both thermodynamic and kinetic perspec-
tives, the driving forces behind surface reconstruction aer
LOCP. Oxygen vacancies reduce the migration barrier, thereby
promoting Ti diffusion to the surface. And the resulting Ti-
enriched, C2/m-like reconstructed layer possesses a lower
formation energy (thermodynamics), stabilizing the structure
and promoting its development. These ndings provide
a coherent explanation for the elemental enrichment and
structural transformation observed in NFMCT during LOCP
sintering, thereby supporting our proposed hypothesis.

Conclusion

In this study, O3-type layered oxides were treated via low oxygen
chemical potential (LOCP) sintering to induce surface recon-
struction and enhance interfacial stability during electro-
chemical cycling. The LOCP treatment generated a Ti-rich
surface with increased oxygen vacancy concentration, signi-
cantly suppressing interfacial side reactions with the electrolyte
compared to the pristine sample. Mechanistic analysis revealed
that under high-temperature LOCP conditions, oxygen escapes
from the material surface, creating oxygen vacancies while
triggering Na de-intercalation and surface sodium residual
accumulation. Concurrently, Ti from the bulk phase migrates
toward the oxygen vacancy-rich surface, coupled with Mn
valence reduction. The synergistic effects oxygen vacancies and
surface Ti enrichment drive the structural phase transition. We
further validated this conclusion through Density Functional
Theory (DFT) calculations, which conrmed that oxygen
vacancies reduce Ti migration barriers, facilitating Ti enrich-
ment in vacancy regions. The LOCP-treated cathode material
(600 °C) demonstrated superior performance in pouch full-
cells, achieving an initial coulombic efficiency of 86.3% and
a capacity retention of 85.6% aer 500 cycles. This strategy
provides new insights into interfacial engineering of O3-type
layered oxides for sodium-ion batteries and establishes
a design framework for developing long-cycle-life secondary
batteries.
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