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ABSTRACT: Rapid capacity decay caused by lattice oxygen
(lattice-O) loss under high-voltage operation remains a critical
challenge for layered LiCoO2 (LCO) cathodes. Recently, various
surface modification strategies have been explored to suppress
lattice-O loss, yet the underlying mechanisms remain controversial.
Herein, we identify slab-gliding-induced surface nanosteps on LCO
and elucidate their role in driving lattice-O loss. These nanosteps
(10−20 nm per step) are induced by local Co−O slab gliding
during phase transitions upon deep delithiation, thereby exposing
numerous active lattice On− (0 < n < 2) sites on the (003) and
(104) planes, where oxygen vacancies (OVs) can form with
significantly reduced formation energies. Consequently, this
accelerates lattice-O loss and promotes the formation of a surface
Li+-blocking layer, ultimately causing a rapid capacity decay. We further demonstrate that even if a rock-salt (RS) phase forms
electrochemically in situ (e-RS) on the LCO surface, it fails to suppress the lattice-O loss due to the emergence of surface nanosteps.
In contrast, a prefabricated RS layer (p-RS) with enhanced mechanical robustness effectively inhibits the formation of such
nanosteps, thereby intrinsically suppressing lattice-O loss during cycling. This work identifies slab-gliding-induced surface nanosteps
as a key structural trigger for lattice-O loss and demonstrates that prefabricated RS coatings offer an effective route to stabilize high-
voltage LCO cathodes.

1. INTRODUCTION
LiCoO2 (LCO), one of the most widely used layered oxide
cathodes, has dominated the portable consumer electronics
market since its commercialization in 1991 due to its high
theoretical capacity (274 mAh g−1), high tap density, and
excellent electronic/ionic conductivity.1−3 To meet the
increasing energy-density demands for next-generation devices,
its charge cutoff voltage has been pushed from 4.2 V to beyond
4.55 V (vs Li+/Li).4,5 However, this high-voltage operation
triggers a cascade of coupled surface−bulk degradation issues.
Specifically, upon deep delithiation with H1−3 and O1 phase
transitions, the Co−O bond covalency strengthens, leading to
lattice oxygen (lattice-O) oxidation/migration and subsequent
loss.6−8 The resulting oxygen vacancies (OVs) further drive Co
migration, followed by the conversion of the surface layered
phase into spinel or rock-salt (RS) phases, aggravating parasitic
interfacial reactions and leading to the formation of a porous
cathode−electrolyte interphase (CEI).9,10 This porous CEI
causes a rapid increase in interfacial impedance, accelerated
capacity fade, and elevated safety risks.11−15 Therefore,
simultaneously suppressing surface lattice-O loss and structural

collapse during high-voltage cycling is essential for extending
the service life of LCO cathodes.16,17

At higher charging voltages (>4.5 V) under deep
delithiation, LCO undergoes a series of structural transitions
from the O3 layered structure to a mixed O3/O1 stacking
(H1−3) and eventually to the O1 (CoO2) phase. These phase
transitions are accompanied by gliding of adjacent Co−O slabs
along the (003) basal plane and induce a pronounced
contraction of the c-axis (interlayer spacing), generating
substantial internal stress within the particles and thereby
degrading structural stability. In fact, Dahn and co-workers
initially demonstrated that the detrimental H1−3→O1
transition around 4.63 V is driven by shear gliding of the
Co−O slabs and is essentially irreversible.18 This shear-
induced slab gliding propagates along specific crystallographic
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directions to generate nanoscale surface terraces, whose highly
reactive step sites further accelerate surface lattice-O loss.19

Consequently, a crucial mitigation strategy is mechanical
stabilization of the surface to suppress slab gliding. For
instance, an ultrathin Al2O3 coating has been shown to inhibit
the H1−3/O1 shear transition and preserve structural
reversibility under high-voltage operation.20 Our previous
work further revealed that a rock-salt surface structure can
mechanically anchor the Co−O slabs, stabilize lattice-O, and
effectively suppress oxygen release.21

Previous studies have developed various surface-structure
reinforcement strategies, such as preconstructing nonlayered
fluoride and phosphate coatings on the LCO surface to isolate
the electrolyte from active surface lattice On− (0 < n < 2)
species and thereby mitigate parasitic side reactions.18 Among
these, rock-salt (RS) phases are particularly attractive owing to

their stabilized lattice frameworks, excellent lattice match with
the layered phase, and relatively low Li+ diffusion barriers.22,23

An important but often overlooked point is that a surface RS
phase can either form in situ during electrochemical cycling
(thus termed e-RS) or be prefabricated ex situ (p-RS) before
cycling. Although high-resolution micrographs of the two
variants appear nearly identical, experiments consistently show
that e-RS fails to halt surface degradation, whereas p-RS
markedly enhances surface stability.5,24,25 However, the
underlying mechanism for these observations remains unclear.
Therefore, a comprehensive comparison of the characteristics
of the e-RS and p-RS phases, including their spatial
distributions, chemical states, and Li+ transport kinetics, is
essential for elucidating the crucial role of p-RS in enhancing
the surface lattice-O stability and high-voltage cycling perform-
ance of LCO cathodes.

Figure 1. Surface structures of LCO and RS-LCO. HAADF-STEM images of (a) pristine LCO and (b) LCO after the first cycle. (c) DEMS curve
during the first cycle. High-resolution HAADF-STEM images of (d) LCO after the first cycle and (g) RS-LCO, (e,h) corresponding EELS
mapping, and (f,i) corresponding L3/L2 (Co L-edge) and Ip/Im ratios (O K-edge) extracted from EELS data, with the scan directions and distances
indicated in (d) and (g), respectively.
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Herein, by combining advanced electron microscopy, in situ
spectroscopy, electrochemical analyses, and density functional
theory (DFT) calculations, we systematically distinguish
surface e-RS and p-RS phases on commercial LCO cathodes
and elucidate their specific influences on cycling stability. We
reveal that, during initial charging to 4.6 V, discontinuous and
nonuniform e-RS domains emerge on the bare LCO surface,
accompanied by the formation of slab-gliding-induced nano-
steps (10−20 nm per step) at a high state of charge (SOC).
These nanosteps exhibit significantly lower OV formation
energies compared to terrace sites, owing to the under-
coordinated lattice oxygen, local strain, and charge redis-
tribution at the step edges. These low-energy step sites are
inherently more reactive, facilitating lattice-O loss. With
repeated nanostep formation and disappearance during high-
voltage cycling, the in situ-formed e-RS layer continuously
thickens and eventually evolves into a Li+-blocking layer. In
contrast, a continuous, uniform, and mechanically robust p-RS
coating constructed prior to cycling effectively suppresses
nanostep formation and surface lattice-O loss. Moreover, p-RS

efficiently suppresses interfacial side reactions and promotes
the formation of an inorganic-rich, robust cathode-electrolyte
interphase that preserves surface structural integrity. This work
underscores that the formation of slab-gliding-induced nano-
steps is a primary driving force behind accelerated lattice-O
loss and fundamentally explains why the prefabricated p-RS
phase outperforms the in situ e-RS phase in stabilizing LCO
cathodes. Furthermore, we propose a stabilization pathway by
which surface lattice-O loss can be effectively mitigated.

2. RESULTS AND DISCUSSION

2.1. Structural Comparison of Surface e-RS and p-RS
Phases

Commercial LCO with a typical α-NaFeO2 structure was used
in this study (Figure S1 and Table S1). Its pristine surface
exhibits a pure layered phase (Figure 1a), providing a clear
baseline for tracking the surface evolution from the layered
phase to the e-RS phase. After the initial cycle in the voltage
range of 3.0−4.6 V at 0.2C (1C = 200 mA g−1), a surface phase

Figure 2. Structural evolution and electrochemical performance of LCO and RS-LCO. In situ Raman spectroscopy of (a) LCO and (b) RS-LCO
during the first cycle. (c) Raman spectra of LCO and RS-LCO at 4.6 V. In situ XRD patterns of (d) LCO and (e) RS-LCO during the first cycle
and (f) selected XRD patterns of LCO and RS-LCO at 4.6 V. Cyclic voltammetry curves of (g) LCO and (h) RS-LCO during the initial six cycles.
(i) Long-term cycling performance of LCO and RS-LCO at 1 C.
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transition occurs, and a nonuniform e-RS phase layer with a
thickness of 1−4 nm forms on the LCO surface, as shown by
atomic-resolution high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM, Figure 1b). To
elucidate the e-RS phase evolution, differential electrochemical
mass spectrometry (DEMS) was performed during the first
cycle (Figure 1c). A gaseous O2 signal was detected once the
voltage exceeded 4.4 V, confirming lattice-O loss from the
LCO. The formation of the surface e-RS phase was further
corroborated by HAADF-STEM and electron energy-loss
spectroscopy (EELS).26 Specifically, after the first cycle, an e-
RS phase was already discernible on the LCO surface (Figure
S2), and both EELS mapping and line scans (Figure 1d−f)
revealed a markedly lower Co valence (i.e., higher L3/L2 and
lower Ip/Im ratios),27 thus confirming surface lattice-O
loss.28,29

Prefabricating an RS phase is an effective surface reinforce-
ment strategy for layered cathodes. By treating LCO with
H3BO3, a uniform p-RS layer was constructed on the LCO
surface (RS-LCO). Although this p-RS appears structurally
similar to the e-RS in the HAADF-STEM images, the two
cathodes exhibit markedly divergent electrochemical behaviors.
We therefore focus on clarifying these distinctions. Funda-
mentally, the different formation mechanisms account for the
distinct spatial distributions of the RS phase: p-RS originates
from a homogeneous chemical reaction process in solution,
yielding uniform thickness and defect distribution, whereas e-
RS forms via localized slab-gliding and nanostep-triggered
electrochemical reconstruction under high-voltage deep
delithiation, which is driven by local stress and oxygen loss
and thus leads to an inherently heterogeneous surface
structure. As shown by the X-ray diffraction (XRD) Rietveld
refinement results in Figure S3 and Table S2, the bulk phase of
RS-LCO is almost identical to that of bare LCO, while a
uniform p-RS layer with a thickness of ∼2 nm is observed on
the surface (Figures 1g and S4), in sharp contrast to the
nonuniform e-RS layer. EELS mapping and line profiles
(Figures 1h,i and S5) further highlight the pronounced
differences between the surface p-RS phase and the bulk
layered phase. Specifically, the distribution of low-valence Co
on the RS-LCO surface shows a continuous and uniform
character of the p-RS phase, in contrast to that of e-RS on the
LCO surface.
2.2. Lattice-O Stability and Phase Transition Reversibility

We directly probed the lattice-O stability of LCO and RS-LCO
under high-voltage cycling using in situ Raman spectroscopy
(Figure 2a−c). For bare LCO, the Eg (∼485 cm−1) and A1g
(∼595 cm−1) modes progressively decrease when the voltage
exceeds 4.5 V, while a new band emerges at ∼860 cm−1,
attributed to the O−O stretch of peroxide-like (O2)n−

species,30,31 demonstrating that lattice-O is extracted and
dimerized at the LCO surface. In sharp contrast, both the Eg
and A1g modes of RS-LCO are retained even when charged to
4.6 V, and no peroxide feature is detected, demonstrating that
the surface p-RS phase efficiently stabilizes lattice-O against
oxidation and dimerization.
Lattice-O stability also significantly affects the interfacial and

surface impedance. Figures S6 and S7 show the in situ
electrochemical impedance spectroscopy (EIS) and correlated
distribution of relaxation times (DRT) results of LCO and RS-
LCO during the initial two and long-term cycles. The DRT
peaks in the relaxation-time (τ) ranges of 10−4−10−2 and

10−2−10−1 s correspond to Li+ transport across the CEI (i.e.,
RCEI) and across the near-surface structure (i.e., Rct),
respectively. Notably, the LCO cell exhibits substantial
variations in both Rct and τ, indicating significant surface
reconstruction to form an e-RS phase, while the p-RS phase on
the RS-LCO surface remains stable, as reflected by the minor
Rct and τ changes.32 After long-term cycling, the impedance of
LCO becomes significantly higher than that of RS-LCO due to
severe surface structural reconstruction caused by nanosteps,
indicating severe hindrance to electron and Li+ diffusion.
Figure 2d−f shows the in situ XRD patterns of LCO and RS-

LCO during the first cycle. The XRD patterns obtained at 4.6
V, extracted from in situ measurements, are illustrated in
Figure 2f. Compared with LCO, the H1−3 peak of RS-LCO
appears at a lower 2θ angle, indicating that the p-RS structure
suppresses the high-voltage phase transition. It is worth noting
that the phase transition in LCO when charged to high
voltages remains nonuniform, with the O3/H1−3 phase
intergrowth still present. Conversely, in RS-LCO, the
homogenization of the phase transition is facilitated by p-RS-
regulated Li+ (de)intercalation. Since this phase transition is
driven by Co−O slab gliding under deep delithiation, we infer
that the presence of the surface p-RS phase modulates the slab-
gliding behavior, which may directly account for the structural
differences observed on LCO and RS-LCO surfaces, as
discussed in a later section.
The galvanostatic charge/discharge curves and cyclic

voltammetry measurements for the first cycle also show the
influence of the surface structure on phase transitions (Figures
2g,h and S8). Specifically, the cathodic peaks of LCO are
sharper and stronger than those of RS-LCO, indicating a more
concentrated redox process. In contrast, RS-LCO displays
slower redox kinetics, which is attributed to the electrochemi-
cally inert lattice Co/O in the p-RS structure and thus
alleviates lattice-O oxidation and dimerization in the near-
surface region.
Benefiting from the suppressed lattice-O oxidation and

regulated slab-gliding behavior, RS-LCO exhibits a superior
cycling stability compared with LCO (Figure 2i). This is
further reflected in the voltage polarization (Figure S9), which
shows that the voltage variation of RS-LCO is much smaller
than that of LCO, highlighting the high stability of the surface
p-RS phase during cycling. Figures S10 and S11 show the
galvanostatic intermittent titration technique (GITT) results
and the corresponding calculated Li+ diffusion coefficients
(DLi

+), which reflect apparent Li+ transport kinetics under
different cycling conditions. For RS-LCO, its DLi

+ values
remain relatively constant, evidencing well-retained Li+
diffusion kinetics through the surface p-RS phase. However,
the DLi

+ values of LCO decrease significantly, implying
deteriorated Li+ diffusion due to the in situ-formed e-RS
phase. Such a difference in diffusion also explains the superior
rate performance of RS-LCO over that of LCO (Figure S12).
These results collectively indicate that the surface p-RS phase
can stabilize the near-surface lattice-O, regulate Co−O slab
gliding, and enhance Li+ diffusion kinetics, thus stabilizing the
RS-LCO surface and contributing to superior electrochemical
performance.
2.3. Formation of Slab-Gliding-Induced Surface Nanosteps

Electrochemical data indicate that LCO and RS-LCO have
similar capacities at the 10th cycle (Figure S13); beyond the
10th cycle, their electrochemical responses diverge and LCO
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shows a marked capacity decay. To further investigate the
structural evolution after 10 cycles and the effects of the e-RS
and p-RS coating phases on LCO, a comparative analysis of the
structure and chemical states was performed for the two
cathodes after the 10th cycle. Figure 3a−d shows the surface
morphology and phase structure of LCO and RS-LCO at the
fully charged and discharged states of the 10th cycle. For
charged LCO, deep delithiation drives the O3-to-H1−3 phase
transition with pronounced Co−O slab gliding, leading to the
formation of surface nanosteps with a characteristic spacing of
approximately 10−20 nm. Since the surface e-RS phase and
surface nanosteps appear almost simultaneously, this indicates
that the in situ-formed e-RS phase cannot prevent Co−O slab

gliding and nanostep formation. More detailed images of the
surface nanosteps are provided in Figure S14, revealing that
these nanosteps consist of both newly exposed and original
surfaces. For each nanostep, the newly exposed surfaces are
parallel to the Co−O slabs and are hereafter referred to as
“terrace sites”, whereas the intersections between the newly
exposed and original surfaces are termed the “step sites”.
Artificial intelligence (AI)-segmented analysis of the surface
structure further distinguishes layered and RS regions,
revealing a layered/RS hybrid structure on the charged LCO
surface.33−35 Upon discharge, the LCO surface recovers from a
stepped morphology back to a smooth morphology with a pure

Figure 3. Surface structures and theoretical calculations. HAADF-STEM images and AI-segmented surface structures of (a) charged and (b)
discharged LCO, and (c) charged and (d) discharged RS-LCO in the 10th cycle. Schematic illustrations of OV formation at the (104) plane in (e),
the (003) plane in (f), and terrace sites in (g), for both charged and discharged states. (h) Calculated OV formation energies for the three surface
sites.
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e-RS phase, indicating the repeated emergence and disappear-
ance of terrace sites.
For LCO, the surface e-RS phase forms after just one cycle.

However, it is unable to inhibit Co−O slab gliding in
subsequent cycles, thereby significantly accelerating surface
exposure and lattice-O loss. Figures S15 and S16 show the
EELS results of LCO after the 10th charge. Specifically, the Co
L-edge L3/L2 ratios (in the 2.5−4.5 range) and the O K-edge
Ip/Im ratios (in the 0.1−0.5 range) are distributed over a wide
range, indicating an uneven valence distribution. In compar-
ison, the p-RS phase remains intact on the RS-LCO surface
after both the 10th charge and discharge (Figure 3c,d),
highlighting its exceptional structural stability and mechanical
toughness. More importantly, the charged RS-LCO surface
exhibits a smooth morphology without obvious nanosteps,
indicating that Co−O slab gliding is effectively suppressed,
consistent with the delayed O3−H1−3 phase transition
observed by in situ XRD (Figure 2f). Furthermore, EELS
shows that the Co valence at the charged RS-LCO surface is
more concentrated (with L3/L2 ratios in the 4.0−4.5 range and
Ip/Im ratios in the 0.1−0.2 range) than that of LCO (Figures
S17 and S18), which correlates with the high structural
stability of the surface p-RS phase.
Based on the above analysis, the e-RS phase forms

concomitantly with surface nanosteps, a rarely reported type

of defective structure that further facilitates the pronounced OV
formation in the near-surface region of LCO. To gain deeper
insight, density functional theory (DFT) calculations were
carried out using a surface model that exposes two
representative step planes, i.e., (104) and (003), and a
defect-free terrace, and the OV formation energies were
evaluated in both charged and discharged states. The results
shown in Figure 3e−h suggest that the OV formation energy at
terrace sites is significantly higher than that at step sites (site 1
and site 2 for (104) and (003) planes, respectively) for both
charged and discharged states, demonstrating that surface
nanosteps promote lattice OV formation. Moreover, for all
scenarios, the OV formation energies in the charged state are
consistently lower than those in the discharged state, implying
that lattice OV formation is more pronounced in the charged
states, which is also consistent with previous experimental
results. Notably, during the charge process, the p-RS phase can
effectively suppress the formation of slab-gliding-induced
surface nanosteps, thereby avoiding active O exposure on the
(104) and (003) planes. This markedly suppresses lattice-O
loss and consequently reduces O2 evolution from RS-LCO
compared with LCO (Figure S19).
Based on the analysis above, the primary distinction between

surface e-RS and p-RS phases lies in their mechanical ability to
suppress slab-gliding-induced surface nanostep formation. The

Figure 4. Surface morphology, composition, and interfacial reactions of LCO and RS-LCO. SEM images of charged (a) LCO and (b) RS-LCO at
the 10th cycle. TEM images of charged (c) LCO and (d) RS-LCO at the 10th cycle. (e) TOF-SIMS depth profiles and (f) F 1s XPS spectra of the
discharged LCO and RS-LCO after the 10th cycle. In situ EIS and DRT analyses of (g) LCO and (h) RS-LCO in the 10th and 11th cycles.
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e-RS phase naturally emerges together with surface nanosteps,
and the two features mutually reinforce each other to promote
surface lattice-O loss and, in turn, thicken the e-RS phase and
slow down interfacial Li+ transport kinetics. In contrast, the p-
RS phase prevents such surface nanostep formation from the
outset of cycling. This effect is attributed not only to more
uniform Li+ (de)intercalation behavior and a higher OV
formation energy in the p-RS phase but also to the fact that
the p-RS phase functions as a “rivet” in the near-surface
structure, providing sufficient mechanical resistance to Co−O
slab gliding and the O3-to-H1−3 phase transition. Therefore,
the formation of surface nanosteps is inhibited and exposed
active O sites are diminished. Consequently, RS-LCO exhibits
more stable cycling performance and superior rate capability.
2.4. Interface Reactions Governed by Lattice-O Stability

Generally, the O3-to-H1−3 phase transition under high-
voltage charging beyond 4.5 V inevitably generates internal
stresses, especially in the surface region. As shown in Figure
S20, a relatively uniform stress distribution is observed at the

charged LCO surface, indicating that these stresses can be
partially relieved by forming surface nanosteps via Co−O slab
gliding. In contrast, significant internal stresses persist at the
charged RS-LCO surface and within the RS-LCO bulk (Figure
S21), suggesting that they are effectively constrained by the
surface p-RS phase. These results indicate that surface e-RS
and p-RS phases differ in their ability to constrain the internal
stresses induced by the O3-to-H1−3 phase transition in the
near-surface region, thereby leading to distinct surface reaction
pathways and, consequently, affecting the morphology and CEI
composition.
Figure 4a−d compares the surface morphology of charged

LCO and charged RS-LCO at the 10th cycle. For LCO, the
CEI forms on the nanosteps and becomes thicker and more
irregular as a result of exacerbated lattice-O release, further
evolving into an even more heterogeneous layer after 100
cycles (Figure S22). In stark contrast, RS-LCO exhibits a
significantly more uniform and thinner CEI, indicating more
favorable interfacial reactions. Furthermore, time-of-flight

Figure 5. Surfaces of LCO and RS-LCO after long-term cycling and surface evolution. (a,c) low-magnification surface images and (b,d) high-
resolution HAADF-STEM images of LCO (a,b) and RS-LCO (c,d) after the 100th cycle. (e) EPR spectra, (f) sXAS O K-edge spectra, (g)
activation energies (Ea), and (h) b values of cycled LCO and RS-LCO. (i) Schematic illustration of the evolution of surface e-RS and p-RS phases
upon cycling.
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secondary ion mass spectrometry (TOF-SIMS) results show
that the CEI layer on the LCO surface after 10 cycles contains
higher amounts of C2HO−, P-containing, and Co-containing
species, originating from organic solvent and PF6

− decom-
position as well as Co dissolution, whereas the CEI on RS-
LCO is enriched in F-containing species (Figure 4e). Because
F-containing species are critical for forming a robust CEI, their
enrichment highlights the denser and more robust nature of
the CEI on RS-LCO. Meanwhile, more abundant active O sites
on the e-RS phase foster the formation of a larger quantity of
decomposition products in the CEI layer, as revealed by X-ray
photoelectron spectroscopy (XPS) (Figures 4f and S23).
Specifically, in the O 1s spectra, LCO after the 10th cycle
exhibits a pronounced lattice-O component, likely arising from
the newly exposed terrace sites in the nanosteps. Importantly,
the CEI on RS-LCO features a slightly increased P−O peak
intensity and higher levels of LixPFyOz species, indicative of a
larger inorganic fraction in the CEI. Similarly, the F 1s spectra
show consistently higher LiF content in the CEI of RS-LCO,
which enhances the robustness, density, and chemical stability
of the CEI and thereby benefits the cycling performance of RS-
LCO.
Additionally, interfacial reaction behavior was evaluated by

in situ EIS and the corresponding DRT analyses for LCO and
RS-LCO in the 10th and 11th cycles (Figure 4g,h).
Specifically, LCO shows more pronounced changes in
impedance, especially for Rct, indicating that the e-RS phase
undergoes a significant structural evolution during repeated
local Co−O slab gliding. In contrast, due to the higher
structural and lattice-O stability of the p-RS phase, RS-LCO
exhibits much smaller changes in both Rct and RCEI, consistent
with significantly mitigated interfacial reactions.
2.5. Stabilized Lattice-O in RS-LCO During Long-Term
Cycling

Surface e-RS and p-RS phases have different capabilities to
stabilize lattice-O, leading to distinct surface structures during
long-term cycling. For the LCO cathode, the surface becomes
densely populated with pronounced nanosteps at the 100th
cycle, while the RS-LCO surface remains relatively smooth
(Figure 5a,c). In more detail, cycled LCO exhibits a thickened
surface e-RS phase, whereas the RS-LCO surface after cycling
retains a thin p-RS layer with a thickness comparable to that of
pristine RS-LCO (Figures 5b,d). Further regarding the
thickness evolution of surface RS phase during long-term
cycling, it is obvious from Figure S24 that e-RS exhibits a rapid
thickening trend, whereas the thickening rate of p-RS is
significantly slower. This comparison directly demonstrates the
effectiveness of the p-RS strategy in suppressing the continuous
thickening of the RS layer. Although the electron paramagnetic
resonance (EPR) spectra of LCO and RS-LCO collected at the
10th cycle seem similar (Figure S25), the EPR signal becomes
much more pronounced for LCO at the 100th cycle, indicating
a significantly increased OV content (Figure 5e). Furthermore,
soft X-ray absorption spectroscopy (sXAS) acquired in total-
electron-yield (TEY) mode shows that the O K-edge Ip/Im
ratio of LCO drops sharply after long-term cycling (Figure 5f),
confirming the accumulation of OVs in the near-surface
region.21,36 These results corroborate DFT calculations,
demonstrating that the surface nanosteps on LCO facilitate
continuous lattice-O loss during long-term cycling, leading to
OV accumulation in the near-surface region. In contrast, in RS-
LCO, the p-RS phase suppresses both nanostep formation and

lattice-O release, resulting in a lower surface OV concentration.
Consequently, RS-LCO retains a well-ordered layered
structure even after 100 cycles, as evidenced by a higher
I(003)/I(104) ratio in the XRD pattern (Figure S26), thereby
underscoring the superior structural stability conferred by the
surface p-RS phase.
To isolate and quantify the surface Li+ transport kinetics of

cycled LCO and RS-LCO, variable-temperature EIS tests were
further employed. Using the charge-transfer resistance (Rct)
measured in the near-surface region after 100 cycles, we
extracted the activation energy (Ea) for Li+ migration. The
calculated Ea values indicate that Li+ encounters a significantly
lower transport barrier in p-RS than in e-RS (Figure 5g and
S27). Multiscan-rate cyclic voltammetry was then employed to
determine b values, yielding b = 0.54 for LCO and b = 0.79 for
RS-LCO (Figures 5h and S28). The higher b value of RS-LCO
indicates that its surface retains abundant charge-storage sites,
which generally correlate with superior rate capability. In
contrast, after long-term cycling, the LCO surface is covered by
a thick e-RS phase and experiences extensive lattice-O
participation in charge compensation, thus lowering surface
reactivity, weakening the pseudocapacitive response, and
driving the b value toward the diffusion-controlled limit
(∼0.5). Moreover, the greater lattice-O loss further triggers
additional parasitic reactions, with reaction products accumu-
lating on the e-RS surface as a Li+-blocking layer, thus
diminishing LCO activity and ultimately lowering the b value.
Figure S29 presents TEM images of the LCO and RS-LCO

surfaces after 100 cycles. For LCO, the surface shows a loose,
irregular, and thick layer, resulting from severe surface side
reactions during prolonged cycling. In contrast, RS-LCO with
stabilized surface lattice-O exhibits a relatively thin and
uniformly distributed CEI. Further XPS analysis (Figures S30
and S31) reveals that the cycled LCO has a thickened CEI
composed predominantly of organic species, which is due to
the severe solvent oxidation caused by the more active e-RS
surface. The relative enrichment and continuous coverage of
inorganic components such as LiF are thus insufficient to form
an effective dense protective layer. While a significant amount
of LiF is detected in the CEI of cycled RS-LCO, indicating that
the p-RS effectively suppresses lattice-O release and interface
side reactions, making the CEI formation more controllable to
generate a dense and uniform LiF-rich inorganic protective
layer. This layer has excellent chemical stability and mechanical
strength, which can effectively block the continuous pene-
tration and decomposition of the electrolyte, thereby
improving high-voltage cycling stability. Furthermore, in situ
EIS and DRT analyses provide additional evidence for superior
interfacial properties of RS-LCO (Figure S32), showing that
both Rct and RCEI of RS-LCO remain stable, thereby
confirming its more favorable interfacial reaction kinetics.
To better understand the mechanism, a schematic

illustration is provided in Figure 5i. For LCO, during the
first cycle, the e-RS phase is formed in situ on its surface,
accompanied by the emergence of surface nanosteps induced
by Co−O slab gliding associated with the O3-to-H1−3 phase
transition under deep delithiation. These nanosteps expose
numerous active lattice-O sites with lower OV formation
energies on the (003) and (104) planes, thereby facilitating
lattice-O loss. During long-term cycling, a Li+-blocking layer
consisting of a thickened e-RS phase and an uneven CEI
further forms and accelerates the capacity decay. For RS-LCO,
the RS phase is uniformly distributed prior to cycling and
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mechanically robust, effectively suppressing surface nanostep
formation, thereby significantly increasing OV formation
energies and inhibiting the generation of active O sites. As a
result, the p-RS phase maintains excellent structural stability
during long-term cycling and enables the superior cycling
performance of RS-LCO.

3. CONCLUSIONS
This work identifies slab-gliding-induced surface nanosteps as a
primary structural trigger for lattice-O loss in LCO cathodes.
Upon deep delithiation with the O3-to-H1−3 phase transition,
Co−O slab gliding produces surface nanosteps (with a spacing
of 10−20 nm for each step) on bare LCO, which expose
numerous active lattice-O sites with significantly lowered OV
formation energies and thereby trigger continuous lattice-O
loss. The in situ-formed e-RS layer cannot effectively block this
lattice-O loss and instead thickens into a Li+-blocking surface
layer that degrades interfacial Li+ transport, leading to
increased interfacial resistance and rapid capacity decay. In
contrast, the prefabricated, uniform p-RS phase constrains
Co−O slab gliding under deep delithiation and suppresses the
formation of slab-gliding-induced surface nanosteps, thereby
inhibiting the exposure of active lattice-O sites on RS-LCO,
blocking sustained lattice-O loss, and thus enhancing structural
stability during long-term cycling. Moreover, the p-RS phase
also promotes the formation of a thin, uniform, and inorganic-
rich CEI. These findings establish a new paradigm for the
surface modification of high-voltage layered oxide cathodes:
instead of in situ-formed coating phases, a prefabricated,
uniform, and functional surface layer can effectively stabilize
lattice-O and overcome the trade-off among energy density,
rate capability, and lifetime.
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