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ABSTRACT: The applied cathodes in lithium-ion batteries EEEEE, LA S,
usually suffer from severe structural degradation upon fast [go "7 v R WL lengtermeyelss S
charging, and the correlated mechanism still remains vague. oo otk
Here, we reveal the surface structural evolution of LiCoO, . . ) rf“’"‘ "
. . . oo . heterogeneous delithiation surface triphase co-existence surface RS phase
(LCO) during cycling at 4.6 V vs Li/Li* with an extreme high &
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the layered, SPinel’ and rock-salt (RS) Phases' As Cyding homt;g;n.e(;u; c;elithialion uniform surface RS phase  uniform surface RS phase
proceeds, this triphase hybrid propagates gradually toward the

bulk, accompanied by a progressive thickening of the surface RS
phase, leading to deteriorated Li* transport kinetics and
accelerated capacity fading. Thus, suppressing the heterogeneous Li" delithiation of LCO is crucial for enhancing fast-
charging durability. By applying a uniform and robust surface coating, the surface delithiation homogeneity upon extreme fast
charging is significantly improved, and the thickening of the surface Li*-blocking RS phase is greatly reduced, thereby
achieving enhanced cycling stability of LCO. This work benefits the development of more advanced LCO cathodes tailored for
fast-charging applications.

KEYWORDS: LiCoO,, structure evolution, fast charging, cycle stability, rock-salt phase

Li* Transport Spinel Structure . RS Structure

INTRODUCTION In addition to achieving high energy density, other
performance metrics, such as high/low temperature capability
and fast charging/discharging capability, are also essential in
practical applications. Among these requirements, the demand
for fast charging is particularly pressing because of the rapidly
growing number of mobile electrical devices.'”"" The industry
has attempted to make the charging time as short as possible,
seeking a charging rates of 10 C or even higher. However,
charging at such a high rates remains a significant challenge.'”
Fast charging usually leads to accelerated structural degrada-
tion, the cycle life of the cathode compared to slow

With the progressive depletion of fossil energy resources,
research efforts have shifted toward alternative clean energy
solutions, among which fuel cells and lithium-ion batteries
serve as efficient energy carriers.’ Currently, the increasing
demand for advanced Li-ion batteries (LIBs) in fields such as
electric vehicles, consumer electronics, and energy storage
systems has promoted the research, production, and
application of advanced cathode materials. Among various
cathode materials, LCO has been widely utilized owing to its
outstanding volumetric energy density, long cycle life, and high

operational voltage. Nowadays, to achieve higher energy Chargmg‘lslH

density, the industry has sought to develop LCO/graphite

full batteries with an upper cutoff voltage of 4.55 V, Received:  April 9, 2025
corresponding to 4.6 V vs Li/Li* for the LCO cathode. Revised:  July 1, 2025
Extensive research has been conducted to clarify the critical Accepted:  July 1, 2025
issues of high-voltage LCO cathodes, including irreversible Published: July 12, 2025
phase evolution, capacity degradation, and cell performance

optimization strategies.z_
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Figure 1. Electrochemical performance of LCO. (a) Cycle stability under different charging rates. (b) dQ/dV curves after different fast-
charging cycles. (c) Contributions of CC and CV to the charging capacity during cycling. (d) Charge/discharge curves during different fast-

charging cycles.

Nowadays, for fast-charging-induced issues, most research
has focused on regulating the Li" insertion behavior in graphite
anodes and identifying it as the primary cause of failure during
fast charging, mainly due to the poor Li" transport kinetics in
graphite-based anodes.'”'® Multiple strategies have been
proposed, including electrolyte engineering,'’~*® material
optimization,”*** separator modification,”® and applying new
charging protocols.””*® However, research on cathode
degradation induced by fast charging is still lacking. Current
studies have revealed that fast charging can exacerbate both
surface and bulk structural degradation, resulting in increased
polarization and particle cracking.””~** The underlying reason
is that fast charging tends to induce significant chemical
heterogeneity within the cathodes and among the cathode
particles across the entire electrode.”> > Additionally, it
accelerates electrolyte decomposition.’”*” These issues can
be partially mitigated by surface modification,”**” element
doping,"**" and electrode structure optimization,** etc.
Although the above research has revealed the adverse effects
of fast charging, it has not fully clarified how structural
degradation evolves or how these strategies alleviate fast-
charging-induced degradation.

In this work, we not only investigate the surface structural
evolution of LCO upon fast charging at 10 C but also propose
an effective surface coating strategy to suppress structural
degradation effects. As illustrated, surface heterogeneity poses
significantly deteriorates for LCO cathode cycling during fast
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charging. For LCO, a triphase hybrid is observed on the
surface after the first 10 C charging, mainly attributed to
nonuniform Li* delithiation. In this surface triphase hybrid,
significant differences among these phases lead to considerable
localized internal stress accumulation, which triggers the
migration and loss of active lattice O"™ (0 < n < 2) and
causes the transition from a layered to a pure RS phase upon
cycling. As cycling proceeds, this triphase hybrid gradually
propagates from the surface into the bulk, accompanied by a
continuous increase in the thickness of the surface RS phase.
Since the RS phase usually exhibits poor Li* ion conductivity,
its progressive thickening upon cycling directly causes the
rapid deterioration of Li* transport kinetics, leading to rapid
capacity decay. Collectively, we recognize that homogenizing
surface Li" delithiation is behavior is crucial to enhancing the
fast-charging durability of LCO. This work further proposes an
F/P-based surface coating of LCO (namely, FP-LCO) to
improve delithiation uniformity across the LCO surface,
thereby reducing the formation of the surface RS phase and
improving the stability of the FP-LCO cathode during fast
charging. As a result, the FP-LCO/Li cell exhibits an
impressive retention of 91.6% after 200 cycles (charged at 10
C and discharged at 1 C), which is much superior to that of the
LCO/Li cell (38.3% over 200 cycles).
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Figure 2. Surface structural characterization of LCO after the 25th, 100th, and 200th fast-charging cycles. (a) Surface structure and (b) Co
L,/L, ratio results after 25 cycles. (c) Surface structure and (d) EELS analysis results after 100 cycles. (e) Surface structure and (f) FFT

analysis results after 200 cycles.

RESULTS AND DISCUSSION
Rapid Capacity Fading of LCO upon Fast Charging.

To investigate the structural evolution of LCO degradation
upon fast charging, a commercial LCO was employed, with Dy,
of about S um and is doped with 4500 ppm of Al The
morphology of LCO is presented in Figure S1. Coin-type
LCO/Li cells were assembled and tested upon fast charging.
The detailed cell test protocol is as follows: first, the cell is
charged to 4.6 V with various constant currents (CC stage),
including currents of 1 C, S C, and 10 C, etc. (1 C = 0.2 A
g!), followed by constant voltage (CV) charging until
reaching a cutoff current of 0.2 C. Subsequently, the cell was
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discharged with a constant current of 1 C. Compared to CC
charging, CC + CV charging can release more Li* ions from
LCO, making it widely applied in practical applications.

The comparison of cycle performance of LCO/Li cells
under different fast charging rates is presented in Figure la. As
observed, when the CC charging current increased from 1 to
20 C, the discharge capacity remained nearly unchanged,
whereas the cycle stability of LCO/Li cells gradually declined.
After 200 cycles, the capacity retention of the LCO/Li cell
charged at 1 C was 70.9%, significantly higher than that
charged at 10 C (38.3%), indicating the markedly reduced
cycling stability during fast charging. As previously reported,

https://doi.org/10.1021/acsnano.5c05981
ACS Nano 2025, 19, 25951-25961
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applying CC + CV charging can accelerate the capacity decay
of LCO due to aggravated surface reactions.”® Therefore,
simultaneous application of CC + CV and fast charging will
inevitably lead to accelerated capacity decay. Elucidating the
degradation mechanism during fast charging will provide
valuable guidance for practical applications.

For LCO/Li cells charged at 10 C, the dQ/dV curves were
obtained to illustrate the electrode behavior of LCO at the Sth,
25th, S0th, 100th, and 200th cycles, as shown in Figure 1b.
The dQ/dV curves are derived from the charge/discharge
curves at 0.2 C after the selected cycles, and the selected data
points are presented in Figure S2. At the 100th cycle, no redox
peaks were observed, suggesting severely suppressed phase
transitions in LCO. In addition to the dQ/dV curve, we also
extracted the contributions of CC and CV stages to the
charging capacity during cycling from the 0.2 C charge—
discharge curves, as shown in Figure lc. As the cycle number
advances beyond the 100th cycle, the proportion of CV stage
charging increases rapidly. This result may indicate that once
the surface structure of LCO deteriorates, the Li* transport
channels will be quickly blocked, which in turn requires a
longer CV charging time at 4.6 V to reach the fully charged
status, thereby further deteriorating the surface structure of
LCO. As a result, the above processes ultimately lead to the
initiation and perpetuation of undesirable surface side
reactions, resulting in the rapid capacity decay of the LCO/
Li cell.

In addition, as observed in Figure 1d, after the 100th cycle,
the LCO/Li cell exhibited significant polarization during the
charge/discharge processes, indicating severe surface degrada-
tion of LCO. Thus, we further perform electrochemical
impedance spectroscopy (EIS) and galvanostatic intermittent
titration technique (GITT) to examine the changes in
impedance and the diffusion coefficient (D;;+). The EIS plots
are shown in FigureS3. By fitting the EIS plots, two important
parameters are obtained, i.e., the impedance of the surface film
or the cathode electrolyte interface (CEI) (R;), and the
impedance for the charge transfer through the surface of LCO
(R,).® As observed, the value of R; shows a slight change,
while the value of R shows a significant increase in 200 cycles.
Compared to the diffusion coefficient (Dy;+) of LCO at the
25th cycle, the D ;+significantly decreased by the 200th cycle,
as shown in Figure S4.

As discussed above, applying fast charging significantly
accelerates surface structural degradation of LCO, leading to
increased cell polarization, elevated interface impedance, and a
rapid decline in D+ across the LCO surface. These factors
collectively contribute to the rapid capacity fading of LCO/Li
cells. Investigating the degradation mechanism of the LCO
surface is crucial for designing advanced LCO cathodes with
reinforced fast-charging durability, which will be discussed in
detail in subsequent sections.

Surface Evolution of LCO upon Fast Charging. As
discussed above, surface structural degradation is regarded as
the root cause of the rapid capacity decay of LCO upon fast
charging. To further reveal the structural evolution of LCO,
transmission electron microscopy (TEM) and correlative
electron energy loss spectroscopy (EELS) analyses were
performed. For LCO, it exhibits a pure layered bulk structure
(Figure SS). However, in the surface region, some localized
structural heterogeneity inevitably exists due to exposure to
CO, and H,O in air. This type of structural heterogeneity leads

to certain differences in Li" transport kinetics, resulting in
faster Li* transport in some localized surface regions and
slower Li" transport in others. The influence of such subtle
differences on the cycling stability of LCO is negligible at slow-
charging rates, such as 0.5 C. However, when the charging
rates increases to 10 C, it significantly exacerbates the
heterogeneity of Li" delithiation on the LCO surface. This
heterogeneous delithiation directly leads to the nonuniform Li*
distribution on the LCO surface. As a result, upon charging,
some regions with higher residual Li* ions retain the pristine
layered structure, while other regions with excessive Li"
extraction transform into nonlayered phases, including spinel
or RS phases.

As shown in Figure 2a, at the 25th cycle, some regions of the
LCO surface (regions with lower Li* retained) preferentially
evolve into spinel or RS phases driven by Co dissolution and
oxygen release, while other regions (with higher residual Li*
ions) still retain the layered structure, accompanied by the
formation of minor cracks. Thus, upon fast charging, the
surface structure transforms from a layered phase to a triphase
hybrid, which becomes strikingly evident by the 2S5th cycle.
Figure S6 presents surface structural images from another
region, further demonstrating the ubiquity of the triphase
hybrid on the surface of LCO.

We further performed electron energy loss spectroscopy
(EELS) to analyze the triphase coexistence on the LCO
surface, as shown in Figures 2b and S7. The changes in the Co
L; edge-peak and the intensity ratio of Co L;/L, peaks on the
LCO surface after 25 cycles of fast charging are presented. As
observed, along the surface region from 0 to 17 nm, the phase
structure sequentially transitions from spinel, RS/spinel mixed,
layered, and then to the RS phase, accompanied by shifts in the
Co L3-edge peaks, as well as significant fluctuations in the
intensity ratio of Co L;/L, peaks. Specifically, the intensity
ratios of Co L;/L, peaks for the RS, spinel, and layered phases
are about 4.0, 3.0, and 2.5, respectively. Additionally , changes
in the O K-edge prepeak intensity also reflect variations in the
surface phase structure. The prepeak intensity first weakens,
then increases, and finally weakens again along the scanning
path, which is consistent with the variations observed in the Co
L; edge results. As noted, at the 2Sth cycle, although the
triphase coexistence appears on the surface, its thickness is
relatively small (less than 3 nm), and the bulk phase maintains
a well-preserved layered structure. Thus, the capacity
degradation of LCO is not significant at this stage.

Due to heterogeneous delithiation, a triphase coexistence
forms on the LCO surface at the 25th cycle. This triphase
coexistence further increases the heterogeneity of surface
chemical states, thereby exacerbating the nonuniform Li*
delithiation from the surface during fast charging. As cycling
proceeds, the degradation of the surface structure accelerates.
As shown in Figure la, capacity is severely degraded after the
100th cycle. Thus, we selected the LCO electrode at the 100th
cycle and analyzed its surface structure using TEM and EELS.
In Figure 2¢, at the 100th cycle, the surface triphase
coexistence observed at 25 cycles has fully evolved into the
RS phase with a thickness of 3 nm. Beneath this RS layer, a
new triphase coexistence region is formed with alternating
distributions of the layered, spinel, and RS phases. Figure S8
also presents the surface structural images of another region,
further demonstrating the ubiquity of triphase coexistence in
the subsurface of LCO. The possible mechanism for the above
surface structural evolution is as follows: within the surface
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Figure 3. Further characterization results of LCO after 200 cycles. (a) EELS scan path from the surface to the bulk and (b) the
corresponding analysis results. (c) Co Ly/L, ratio results. (d) Characterization results of the bulk structure.

triphase coexistence region at the 25th cycle, the spinel and
layered phases exhibit higher Li* transport kineticsthan the RS
phase. Thus, upon fast charging, more Li* ions are delithiated
from the surface spinel and layered phases rather than the RS
phase, ultimately driving transformation from the layered/
spinel phases into the RS phase. As a result, the initial triphase
coexistence on the surface inevitably evolves into a pure RS
phase after 100 cycles. Besides, despite the formation of a thin
surface RS phase, it is unable to prevent uneven delithiation,
and similar structural evolution observed at the 25th cycle will
further occur beneath this RS phase layer, where the layered
structure evolves into a phase coexistence structure.

Similarly, as shown in Figure 2¢, two scanning paths, line A
and line B, were selected for EELS analyses. As shown in
Figure S9, along line A, the shift of Co L-edge L; peaks
diminishes at a depth of around 4 nm, indicating the direct
transition from RS to layered phases. Conversely, along line B,
the shift of Co L-edge L; peaks diminishes at a depth of around
6 nm, indicating the transitions from RS to spinel phases and
then to layered phases. Figure 2d displays the variation in the
Co L;/L, peak ratio values along scan lines A and B,
respectively. It is clearly observed that the changes in the Co
valence state along scan lines A and B correspond well to the
structural evolution from the surface to the bulk, and they also
demonstrate the thin RS-phase layer on the outermost surface
and the triphase coexistence in the subsurface region. In Figure
S10, we also performed a comparison of the O K-edge, and the
results are consistent with those of the Co L-edge. The EELS
results further confirm the structure observed in Figure 2c,
where the surface consists of an RS layer and the subsurface a
triphase coexistence region. At the 100th cycle, on one hand,
the RS layer, which evolves from structural degradation,
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continuously thickens, leading to an increase in the polar-
ization of LCO (Figure 1d), making the Li* delithiation
process more difficult and thereby causing capacity degrada-
tion. On the other hand, the subsurface triphase coexistence
region continues to propagate toward the bulk. As a result, the
subsurface of LCO still exhibits nonuniform delithiation upon
fast charging, and the structural evolution from the triphase
coexistence to the RS phase persists on the surface, leading to
the continuous thickening of the surface RS phase (acting as a
Li* blocking phase) and accelerating rapid capacity degrada-
tion.

In Figure la, we observed that the capacity of LCO is
reduced to around 70 mA h g™' by the 200th cycle, indicating
the failure of the LCO cathode. Therefore, we selected the
LCO at the 200th cycle to demonstrate the fully deteriorated
surface structure. In Figure 2e, the surface structure
continuously evolves and degrades, resulting in the formation
of the surface RS phase with a thickness of about 20 nm.
Beneath this RS phase layer, triphase coexistence still remains.
We selected two regions (I and II) within the RS layer and the
triphase coexistence region for magnification, as shown in
Figure 2f. It is observed that region I exhibits a pure RS phase,
and region II shows a triphase coexistence with more
disordered character compared to those at the 25th and
100th cycles. Additionally, EELS analyses cannot provide clear
results in this region, so we perform fast Fourier transform
(FFT) analyses to further confirm the presence of this triphase
coexistence. As shown in Figure 2f, diffraction spots
corresponding to each phase are clearly marked, confirming
the coexistence of the layered, spinel, and RS phases.

The surface structural evolution observed after 200 cycles is
generally consistent with previous stages, showing continuous
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Figure 4. Comprehensive characterization results of FP-LCO before and after fast-charging cycles. (a) Characterization results of the pristine
surface structure. (b) Cycle stability during 10 C fast-charging cycles. (c) Surface structural characterization results after 200 cycles. (d)
Contributions of CC and CV to the charging capacity. (e) EELS scan path from the surface to the bulk and the corresponding analysis

results. (f) Co L;/L, ratio results.

evolution and migration of triphase coexistence regions.
Additionally, as shown in Figure S11, numerous cracks are
observed near the surface of LCO. We hypothesize that these
cracks result from the accumulation of internal stresses. In
Figure S12, a geometric phase analysis (GPA) is performed on
the surface region (Figure 2e), revealing significant stress
accumulation, which confirms our hypothesis. Moreover, we
speculate that the disordered triphase coexistence region at the
200th cycle is also influenced by these cracks, which provide
pathways for electrolyte infiltration and subsequent side
reactions. The electrolyte infiltration into the subsurface
triphase coexistence region, leading to a chaotic distribution
of deteriorated phases. Furthermore, structural analyses on the
surface of LCO subjected to slow-charging cycles are

25956

performed (at a current of 1 C, at the 25th cycle, Figure
S$13). The results show that the triphase coexistence regions on
the surface of LCO only occur during fast-charging cycles,
rather than during slow-charging cycles.

To gain a more comprehensive understanding of the above-
surface structural evolution of LCO, we perform a large-scale
EELS analysis in a range beyond 100 nm, with the scanning
paths marked in Figure 3a. The L3 peaks of the Co L-edge
exhibit significant shifts, and the prepeaks of the K-edge
disappear within the surface region of 24 nm, corresponding to
the thick surface RS layer and the triphase coexistence region
beneath it (Figure 3b). Additionally, the L3 peaks of the Co L-
edge show shifts within the surface region of 80—140 nm.
These shifts are more clearly represented in the Co L;/L,
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spectra (Figure 3c). These results indicates that applying fast
charging has a subtle impact on the bulk structure of LCO.
Thus, we select a region of the bulk phase (a specific location
in Figure 3a) to further examine the bulk structural evolution.
In Figure 3d, the bulk phase of LCO remains intact, with no
significant structural damage. However, minor structural issues
are observed in some localized regions. In region I, some Co
atoms are found to migrate into the Li layer, while in region II,
there is slight distortion in the bulk lattice. These results
indicate that surface inhomogeneous delithiation can induce
minor structural damage to the bulk, including Co migration
and distortion of Co—O layers. However, from a macro-
perspective, the bulk phase maintains a relatively well-
preserved layered structure, as shown in Figure S14. In
addition, SEM was employed to detect particle-level character-
izations (Figures S1S5 and S16). Even after 200 cycles, no
obvious cracks are observed. Thus, based on the above, the
rapid capacity degradation of LCO induced by fast charging is
caused mainly by surface deterioration rather than the bulk;
moreover, such structural degradation is only confined to the
surface region within 100 nm and rarely affects the bulk
portion of the LCO cathode.

Surface Homogenizing to Reduce the Fast-Charging-
Induced Structure Degradation. As discussed above, the
rapid capacity degradation of LCO upon fast charging
originates from surface structural evolution triggered by
nonuniform Li* delithiation. Thus, to alleviate this type of
capacity decay, robust and uniform surface modification is
essential. Based on this point, we developed a F/P dual
optimization strategy to homogenize the LCO surface, and the
coated LCO is labeled as FP-LCO. The synthesis of FP-LCO
is as follows: the LCO was first mixed with nanosized LiF and
Li;PO, powders via ball milling; then, the obtained mixture
was annealed at 700 °C for S h in an Ar atmosphere. The
obtained FP-LCO is characterized via SEM and energy-
dispersive spectrometry (EDS) (Figure S17), demonstrating
successful F/P coating on the LCO surface. As shown in
Figure S18, X-ray photoelectron spectroscopy (XPS) results
clearly reveal that surface F exists as LiF and CoF, species,
corresponding to binding energies of ~685.1 eV and ~686 eV,
respectively, and the surface P exists in the form of Li;PO,,
similar to that reported in the work of Bi et al., corresponding
to the binding energy of ~133.5 eV.***

Besides the F/P coating, the surface structure is also
reinforced. Figure 4a shows the cross-sectional characterization
of the FP-LCO surface via TEM. As observed, there exists a
thin surface RS layer, which is confirmed by the FFT result and
is compact and uniform, with a thickness of about 2 nm
(region I). Beneath this RS layer, we observe the pure layered
structure in the bulk (region II). Furthermore, the F/P coating
does not significantly alter the bulk structure, as revealed by X-
ray diffraction (XRD) (Figure S19). In previous reports, the
prefabricated surface RS layer benefits a lot in suppressing the
detrimental side reactions derived from the highly oxidative
Co*/0% (0< a < 2), thus leading to enhanced cycle
stability.”*”*® Moreover, compared with the layered phase, the
structural heterogeneity of the surface RS phase can also be
largely reduced, thus benefiting the inhibition of surface
deterioration of LCO during fast charging.

As expected, the FP-LCO/Li cell exhibits an impressive
capacity retention of 91.6% after 200 cycles (charged at 10 C
and discharged at 1 C), which is significantly better than that
of the LCO/Li cell (38.3% in 200 cycles; Figure 4b). Figure

S20 provides comparative analyses of capacity retention versus
cycle number for LCO and FP-LCO cathodes, demonstrating
the superior cycling stability of FP-LCO. Meanwhile, Table S1
compares our results with previous studies, showing the
competitive cell performance of the FP-LCO cathode.
Correspondingly, the charge/discharge curves of the FP-
LCO/Li cell maintain low polarization even up to 200 cycles
(Figure S21), and the dQ/dV curves demonstrate highly
reversible redox reactions over 200 cycles (Figure $22), which
are much superior to those of the LCO/Li cell. SEM results
after cycling (Figure S23) show that the cycled FP-LCO
particles remain intact, with no visible structural damage. TEM
was further applied to reveal the surface structure of FP-LCO
after 200 cycles (Figure 4c). As observed, a thin surface RS
layer is present on the surface of FP-LCO, with a thickness of
about 2 nm. Beneath this RS layer, the layered structure is well-
maintained. The results illustrate that surface homogenization
can significantly stabilize the surface structure of FP-LCO
during fast charging and effectively suppress capacity decay. In
other words, surface homogenization is an effective approach
to prevent the structural evolution of the LCO surface caused
by fast charging.

Figure 4d further shows the variations in the charging
capacity proportion during the CC and CV stages. The results
indicate that the charging capacity contributed by the CC stage
of the FP-LCO/Li cell decreases slightly over cycles, which is
very different from that of the LCO/Li cell (Figure 1d),
indicating that the surface F/P-based homogenization can
facilitate the Li" transport even after 200 cycles. For FP-LCO
at the 200th cycle, EELS analysis was applied to detect the Co
valence states from the surface to the bulk (Figure 4e). Unlike
the LCO at the 200th cycle (Figure 3c), the Co L, peaks of the
Co L-edge show a slight shift within the surface region of 24—
140 nm, and the Co L;/L, ratio varies slightly in this region
(Figure 4f), indicating a stabilized layered structure from the
near-surface to bulk. XRD analysis was performed on both
LCO and FP-LCO cathodes after 200 cycles, comparing their
(003) peaks (Figure S24). The (003) peaks of both cathodes
exhibit sharp, symmetric profiles, indicating well-preserved
bulk structural integrity after cycling. Crucially, a peak shift is
observed for LCO relative to FP-LCO, indicating mild
interlayer distortion and enlarged interlayer spacing in cycled
LCO. These XRD findings align with Co valence state
analyses, collectively confirming the superior structural stability
of FP-LCO in long-term cycles. In this work, although surface
homogenization enhances structural stability, a slight reduction
in discharge capacity is observed. Thus, a balance between
enhancing stability and maintaining high capacity release must
be considered in the future.

To gain a deeper understanding, we conducted further
electrochemical tests on FP-LCO and compared them with
LCO. As shown in Figure S25, the EIS results of both cathodes
are compared, revealing a significant difference in the R, values
during cycling. FP-LCO shows a much smaller increase in the
value of R, compared with LCO, which is attributed to the
suppression of surface structural evolution. The GITT results
presented in Figure S26 also lead to the same conclusion,
where the D;;+ value of FP-LCO remains almost unchanged
during cycling, indicating a stable surface structure. Notably, in
the EIS results, the R; values for both materials show no
significant difference. This value typically reflects the CEI on
the cathode surface, so we characterize the CEI for both
materials. As shown in Figure S27, the CEI on the surfaces of
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Figure 5. Schematic illustrations of the surface structural evolution of LCO and FP-LCO cathodes upon fast charging. While LCO surfaces
degrade from layered — triphase hybrid — RS + triphase hybrid upon fast charging, the prefabricated RS layer on the surface of FP-LCO

enables the uniform delithiation, enhancing the surface stability.

the two cathodes shows nearly identical characteristics, which
is consistent with the EIS results. We analyzed the composition
of the CEL In Figure 528, both CEI layers contain a significant
proportion of organic components. Furthermore, neither
cathode exhibits a morphologically stable CEI These results
suggest that, without specific CEI modulation, efficient CEI
formation under fast-charging conditions remains challenging.
Furthermore, we performed temperature-dependent EIS tests
to obtain energy barrier information for both materials (Figure
S29). The surface energy barrier of FP-LCO is significantly
higher than that of LCO, primarily due to differences in their
initial surface structures. Meanwhile, no Co signal was detected
on the anode side for either anode (Figure S30), indicating
that both anodes remain in similar chemical environments after
cycling. Based on the above, we recognize that the cycle
stability upon fast charging is not significantly correlated with
the properties of the CEI but lies in the homogeneity and
toughness of the surface structure, and the artificially
homogenized and reinforced surface structure can effectively
enhance the cycling stability of LCO upon fast charging. It is
noted that this study focuses on fast-charging performances
under high voltage (4.6 V), in which the highly delithiated
state of cathodes can trigger the irreversible O3 to H1—3 phase
transition, leading to significant structural degradation. In
contrast, fast charging at lower voltages (e.g, 4.5 V, Figure
S31) exhibits significantly better capacity retention due to the
absence of such irreversible phase transitions.

Based on the above discussions, schematic illustrations of
the surface structural evolution of LCO and FP-LCO cathodes
upon fast charging are shown in Figure 5. For LCO, localized
surface chemical states inevitably exhibit some degree of
heterogeneity, leading to variations in the energy barriers for
Li* delithiation, which promote the formation of a triphase
hybrid (including layered, spinel, and RS phases) on the
surface of LCO upon fast charging. The emergence of the
triphase hybrid further exacerbates the heterogeneity of Li*
delithiation on the LCO surface, causing stress accumulates
within the surface zone and contributing to formation of the
surface RS phase (shown in green). As the fast-charging cycle
proceeds, surface structural degradation leads to the con-

tinuous thickening of the surface RS phase, which acts as an
effective Li* blocking layer and severely inhibits the Li"
delithiation at the surface, thereby causing rapid capacity
degradation. To suppress capacity decay caused by heteroge-
neous surface delithiation, it is essential to homogenize the
surface structure. In this work, the surface of FP-LCO is
modified with F/P species, including fluoride and phosphate,
along with a prefabricated surface RS phase (shown in orange).
This surface modification effectively homogenize surface
chemical states, leading to more uniform Li* deintercalation
upon fast charging. Attributed to the more homogeneous
delithiation enabled by the FP-LCO cathode, the surface
structure remains well-preserved even after long-term cycling.
The thickness of the surface RS phase remains nearly
unchanged, with well-retained Li" transport kinetics, thereby
improving capacity retention.

CONCLUSION

In summary, this work not only reveals the surface structural
evolution of LCO during fast charging but also proposes an
effective homogenization strategy to suppress structural
degradation and improve fast-charging durability. Comprehen-
sive characterizations, including SEM, TEM, XRD, XPS, EELS,
and GPA, are employed to clarify the surface structural
evolution of LCO and the correlated optimization mechanism.
Nonuniform Li* delithiation is the fundamental cause of the
rapid capacity degradation of LCO upon fast charging, leading
to the emergence of the triphase hybrid as well as the
continuously thickening surface RS phase. It is noted that fast-
charging-induced capacity fading is primarily related to surface
structure rather than the bulk phase or the properties of CEL
Therefore, homogenizing the surface structure can effectively
suppress surface deterioration and capacity decay. This work
benefits the structural design of layered cathodes applied under
fast-charging conditions.

EXPERIMENTAL SECTION

Sample Preparation. The commercial LCO powders were
purchased from Pulead Technology Industry Co., Ltd. The FP-
LCO was obtained by an F/P dual optimization strategy. The
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synthesis process is as follows: 5 g of LCO, 0.014 g of LiF
(99%, Aladdin), and 0.011 g Li;PO, (99%, Aladdin) were first
mixed via manual grinding. During this process, anhydrous
ethanol was added and continuously mixed until complete
evaporation to ensure homogeneous blending of the materials,
and then the mixture was annealed at 700 °C for S h in an Ar
atmosphere.

Material Characterization. A scanning electron micro-
scope (SEM, Zeiss SUPRA-5S) with an X-Max EDS detector
was used to obtain the morphology and elemental distribution
of the samples. The transmission electron microscopy (TEM)
analysis was conducted on a field-emission transmission
electron microscope (FETEM, JEOL-3200FS) operating at
an accelerating voltage of 300 kV, with a 60 cm camera length,
a minimum collection angle of —30° to 30°, and a OneView
CMOS camera (Gatan Inc.). The atomically resolved high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were acquired using an
aberration-corrected scanning transmission electron micro-
scope (FEI Titan Themis, operated at 300 kV). The obtained
results were analyzed using the Digital Micrograph software to
perform geometric phase analyses (GPA). TEM samples were
prepared using a focused ion beam (FIB). A Thermo Scientific
Escalab 250Xi spectrometer was used to obtain the X-ray
photoelectron spectroscopy (XPS) results, confirming the
chemical states of the selected elements. A Bruker D8 Advance
diffractometer with a Cu Ka radiation source (A = 0.154 nm)
was used to obtain the powder X-ray diffraction (XRD) data,
and the Rietveld refinements of XRD patterns were performed
with the FULLPROF suite.

Electrochemical Characterization. The electrode were
prepared by stirring 80 wt % LCO, 10 wt % acetylene black,
and 10 wt % polyvinylidene fluoride (PVDF) in N-methyl-2-
pyrrolidone (NMP) solvent and then drying at 80 °C for 1 h.
After drying, the pieces were cut and dried at 105 °C under
vacuum for 6 h. The final active material loading of the
electrode pieces is about 6 mg cm™> The electrochemical
performance was assessed by coin-type (CR2032) half-cells
using lithium metal as the anode, a Celgard 2400
polypropylene (PP) membrane as the separator, and 1.0 M
LiPF; in fluoroethylene carbonate/ethyl methyl carbonate/
fluoroethylene carbonate (FEC:EMC:FEC = 1:1:1 in vol %) as
the electrolyte. CR2032-type coin cells were assembled by
stacking: negative can, stainless steel spring spacer, poly-
propylene gasket, Li metal anode (1.5 mm thick), Celgard
2400 separator, cathode, and positive can. A total of 60 uL of
the electrolyte was injected. The charge and discharge tests and
galvanostatic intermittent titration technique (GITT) tests
were performed on a NEWARE battery test system at 25 °C.
EIS was conducted on a Solartron Analytical 1470E electro-
chemical workstation.
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