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Abstract

To address the detrimental impact of residual LiOH on the electrochemical performance of LiNi,z,Co,,sAl, O,
(NCA) cathode material, it is imperative to optimize its surface structure. Adding a Li-reactant to react with
residual LiOH on the cathode surface not only removes residual LiOH but also forms new surface structure layers.
However, this reaction process not only necessitates evaluating the compatibility between the newly formed
surface layer and the crystal structure of the NCA cathode material but also requires careful determination of the
optimal amount of Li-reactant. Currently, there remains a lack of well-established theoretical guidance for
determining the optimal addition amount of lithium reactants. In this study, the quantitative addition of 6,000 ppm
AL O, as a Li-reactant to react with the residual 3,156 ppm LiOH on the NCA surface not only effectively reduces
the residual LiOH but also facilitates the formation of a LIAIO,@NCA heterostructure on the NCA cathode
materials. This approach provides a theoretical foundation for the addition of Li-reactant, overcomes the limitations
of empirical trial-and-error methods, and achieves quantitative reconstruction of the NCA cathode materials
surface structure. Based on an in-depth analysis of the surface structure, first-principles calculations and
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electrochemical performance tests, the LIAIO,@NCA heterostructure not only serves as an efficient Li* diffusion
channel and reduces the Li* migration energy barrier, but also provides a stable protection of the surface of the
cathode material, thereby enhancing its stability and reversibility.

Keywords: Quantitative reconstruction, residual LiOH, Al,O,, heterostructure

INTRODUCTION

To achieve the goal of carbon neutrality by 2050, reducing carbon emissions necessitates a coordinated
effort. Expanding the market share of electric vehicles is one of the most effective measures'. However,
electric vehicles still face several challenges, including driving range, safety, and cost. These issues primarily
stem from the power source and key components of electric vehicles - lithium-ion batteries”. Among these
components, the cathode and anode materials are crucial to lithium-ion batteries, as they directly influence
the capacity and stability of the lithium-ion batteries. A wide range of novel anode materials has emerged,
exhibiting not only high capacity but also exceptional cycle stability'” . The cathode material has emerged as
the primary factor limiting the performance of lithium-ion batteries. Currently, numerous researchers are
focused on developing cathode materials that possess high energy density, extended cycle life, and reduced
cost”. NCA cathode materials have garnered significant attention from researchers and battery
manufacturers owing to their superior electrochemical properties”. However, the application of NCA
cathode materials continues to face challenges, including rapid capacity decay, structural instability, and
safety concerns.

Residual lithium compounds are the main culprits for the rapid capacity decay, structural instability and
low safety performance of NCA cathode materials"". During air exposure, the alkaline NCA cathode surface
and residual lithium (Li,0) form compounds such as LiOH and Li,CO,, as given in"**!

Li,0 + CO, — Li,CO, (1)
Li,0 + H,O — 2LiOH (2)

During the slurry preparation of cathode materials, lithium-ion deintercalation, and practical application,
residual LiIOH may pose substantial safety risks""*'”. During the preparation of electrode materials, residual
LiOH can act as an inducer for slurry gelation and flocculation, which hinders the preparation of
electrodes"®"”. During charge-discharge cycles, residual LiOH forms an insulating layer that hinders Li*
migration and reduces the capacity of the cathode material®**". Residual LiOH reacts with the electrolyte to
release CO, gas, leading to battery expansion and localized overheating, which significantly reduces the
safety performance of the battery**?*.

To reduce the amount of residual LiOH, researchers are investigating various surface optimization strategies
to improve the surface structure and enhance the surface stability of the cathode material. These strategies
include washing", slurry additives”, surface coating®”, etc. The addition of a surface coating layer is a
simple and effective method to reconstruct the surface structure of the cathode material, mitigate the
adverse effects caused by residual LiOH on the surface, and enhance the surface stability of the cathode
material. Common coating layers include oxides™, phosphates™/, conductive polymers"”, and other ionic
conductors”'!. Among various coatings, Al,O, has become the most representative surface coating material
due to its high chemical stability, readily available raw materials and excellent economic performance*”.
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Adding a Li-reactant to react with residual lithium compounds on the cathode surface not only removes
these compounds but also forms new surface structure layers, such as Li,PO,”, LiF*, and Li,BO,"". In
previous studies, AL,O, has predominantly been employed as a coating material. The research by Negi et al.
indicates that ALO, can also serve as a Li-reactant””. Through multiple comparative experiments, Negi et al.
verified the feasibility of adding 1.00 wt% of alumina to react with the residual lithium compounds and
achieved an improvement in cycle stability. Although Negi et al. can determine a relatively optimal addition
amount through comparative experiments, this approach lacks a clear theoretical foundation and is both
time-consuming and resource-intensive. However, another critical issue that cannot be overlooked is the
mismatch between the crystal structure of the surface layer and that of the bulk material. During cycling,
this lattice mismatch between the cathode material and its surface layer hinders long-term cyclability and
can induce micro-cracks propagating from the surface to the interior of the cathode material®. It is evident
that a simplistic surface optimization strategy is insufficient for enhancing the surface structure and stability
of the cathode material. To effectively optimize the surface structure through the addition of Li-reactant, it
is essential to consider both the compatibility with the crystal structure of the cathode material and the
appropriate amount of Li-reactant added. LiAlO,, as an excellent surface material, has been extensively
demonstrated by numerous studies to exhibit a high Li* ionic conductivity (3 x 10° Q'cm™), a high Li*
diffusion coefficient (Dy;, 2.8 x 10" m’s™), and remarkable stability under high humidity (40%-50%) and
high voltage (> 4.5 V) conditions”>”*. In addition, compared with other coatings, the LiAlO, not only
functions as a fast ion conductor but also exhibits a layered structure similar to that of NCA cathode
materials. This indicates that the LiAlO, structural layer can be well matched with the structure of the NCA
cathode materials, thereby preventing the propagation of micro-cracks from the surface layer to the inner
layer due to lattice mismatch between the added surface structural layer and the NCA cathode material.

In this study, ALO, is selected as the Li-reactant, and the residual LiOH content is determined to be
3,156 ppm by potentiometric titration. By quantitatively adding 6,000 ppm ALO, to transform the residual
LiOH, the surface structure is reconstructed, resulting in the formation of a LiAlO,@NCA heterostructure.
The process of quantitatively converting the residual LiOH on the surface by precisely adding AL O, is
referred to as quantitative reconstruction. This modification enhances the cyclic stability of the cathode
material. The paper provides an in-depth examination of how the LiAlO,@NCA heterostructure affects the
interconnections among the crystal structure, surface structure, surface composition, and electrochemical
characteristics of the cathode materials.

EXPERIMENTAL SECTION
Materials synthesis

The Ni, ,,Co, ,,Al
an excess of LIOH-H,O (molar ratio of n;/ngy, = 1.05:1.00) and manually ground for half an hour.

o0s(OH), precursor powder synthesized via the co-precipitation method was combined with
Subsequently, the mixture was transferred to a tube furnace and heated under an oxygen atmosphere. First,
it was heated from ambient temperature to 450 °C at a rate of 5 °C min™ and maintained at this temperature
for 5 h. Then, the temperature was further increased to 750 °C at the same heating rate and held for 12 h.

Finally, the sample was cooled down to room temperature to produce the LiNi,,,Co,,.Al,,,O, cathode

0.15 0.05

material, which was designated as NCA.

Based on the weight ratio of ALO,/NCA = 6,000 ppm, ALO, powder was incorporated into the NCA
cathode material and thoroughly mixed by grinding for 30 min. Subsequently, the mixture was subjected to
heat treatment in an oxygen environment, where it was ramped to 500 °C at a rate of 5 °C min, maintained
at this temperature for 6 h, and finally cooled down to ambient temperature. The resulting material was
labeled as NCA-6000. The resultant process is illustrated in Figure 1A.
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Figure 1. (A) Schematic diagram of surface quantitative reconstruction by adding Al,O; (B)XRD pattern of Al,O5 and LiOH calcined
products; (C) XRD patterns of NCA and NCA-6000 samples; (B) Schematic diagram of lattice parameter changes in NCA and NCA-

6000 samples.

Material characterization
In this study, the crystal structure of the samples was characterized using RIGAKU TTRIII-18KW X-ray

diffraction (XRD). The microstructure of secondary particles and the distribution of Ni, Co, and Al
elements in NCA and NCA-6000 samples were examined by Nova-Nano450 field emission scanning
electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS). The lattice fringes of
NCA-6000 samples were further analyzed using Talos F200S high-resolution transmission electron
microscopy (HR-TEM) from FEI Company, USA. The valence states of Ni, Al, C, and O elements in NCA
and NCA-6000 samples were investigated via PHI5000 X-ray photoelectron spectroscopy (XPS).
Additionally, the detailed methodology for determining residual lithium content in NCA and NCA-6000
samples is provided in the Supplementary Materials.

Electrochemical measurements
The cathode material, carbon black, and polyvinylidene fluoride (PVDF) were accurately weighed and
uniformly mixed at a mass ratio of 8:1:1. Subsequently, N-methyl-2-pyrrolidone (NMP) was added
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dropwise to the mixture, which was then thoroughly stirred to form a homogeneous slurry. The slurry was
coated onto aluminum foil using a small-scale coater, followed by vacuum drying, rolling, and cutting to
produce the cathode sheet with a loading of 7.06~8.16 mg-cm™ of cathode material. Finally, in an argon-
filled glove box, the dried cathode sheet, lithium sheet (as the counter electrode), and separator were
assembled into CR2025-type coin cells. The electrolyte used in assembling the battery is 1 M LiPF, in EC/
DMC/EMC (with a volume ratio of 1:1:1). The assembled batteries were evaluated for their initial charge-
discharge performance, rate capability, and cycling stability using the LAND-BT2022A battery testing
system. Additionally, cyclic voltammetry (CV) measurements at various scan rates and electrochemical
impedance spectroscopy (EIS) analyses of batteries in different states (frequency range: 0.01 Hz to 100 kHz)
were performed using the PMC-2000A electrochemical workstation.

Computational details

In this study, CASTEP software package was used to optimize LiAlO,, NCA and LiAlO,@NCA respectively.
The electron correlation potential is described using the generalized gradient approximation-Perdew-
Burke-Ernzerhof (GGA-PBE). The calculations were performed using ultra-soft pseudopotentials, with the
following valence electron configurations selected for each element: O: 2s*2p*, Li: 2s', Ni: 3d%4s’, Co: 3d’4s,
Al: 35’3p'. In the LiAlO, and NCA models, the k-point mesh in the Brillouin zone was set to 2 x 2 x 1, and
the Brillouin zone integration was performed using the Monkhorst-Pack scheme. Among these parameters,
the plane-wave cutoff energy is set to 381.0 eV, the self-consistent convergence accuracy is
1 x 10° eV atom™, and the force convergence criterion is 0.03 eV A™. The exchange-correlation potential is
calculated on a standardized fast Fourier transform grid (45 x 45 x 72).

RESULTS AND DISCUSSION

The surface concentrations of residual LiOH and Li,CO, in the prepared NCA cathode material are
measured using potentiometric titration, yielding values of 3,156 and 6,290 ppm, respectively. These results
are summarized in Supplementary Table 1. In conjunction with previous studies””’, ALO, and LiOH can
react within a specific temperature range. The reaction for ALO, and LiOH is presented in (500 °C,
AG =-90 k] mol™):

2LiOH + AL O, = 2LiAlO,+H,0 (g) AG <0 (0-500 °C) (3)
based on which, the product of the reaction between AL O, and LiOH is LiAlO,.

Therefore, the residual LIOH can be converted into LiAlO, through the quantitative addition of ALO..
Temperature plays a crucial role in the formation of the LiAlO, structural layer. If the temperature is too
low, it will be insufficient to facilitate the reaction between the added AlO, and residual LiOH. Conversely,
excessively high temperatures will increase production costs. The AG values for reaction Equation (3) at
various temperatures are detailed in Supplementary Table 2. To verify the feasibility of this quantitative
conversion strategy, ALLO, and LiOH are mixed according to the stoichiometric ratio in Equation (3). The
resulting mixture is placed in a tube furnace and heated from room temperature to 500 °C at a heating rate
of 5 °C min" under an oxygen atmosphere for 5 h. As illustrated in Figure 1B, the primary product of the
calcination reaction between Al,O, and LiOH is LiAlO,. The XRD pattern for the added Al O, can be found
in Supplementary Figure 1. It is evident that quantitatively adding Al O, to transform the residual LiOH of
the cathode material into a layered LiAlO, surface structure layer is feasible. This approach enables the
quantitative reconstruction of the cathode material's surface structure.
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According to the measured values of surface residual LiOH and reaction Equation (3), the NCA-6000
sample was prepared by incorporating 6,000 ppm AL O, to react with the 3,156 ppm residual LiOH present
on the surface of the NCA cathode material (Taking precision into account, 3,156 ppm LiOH is
approximated to 3,000 ppm. Based on the stoichiometric requirements of reaction (3), an addition of
6,000 ppm Al O, is necessary to completely react with the 3,000 ppm residual LiOH on the surface).
Potentiometric titration reveals that the NCA-6000 samples contain only 1,091 ppm of residual LiOH on
their surfaces, demonstrating that the precise addition of AL O, significantly decreases the level of residual
LiOH on the NCA cathode material. Nevertheless, a trace amount of LiOH still persists on the surface. This
phenomenon is ascribed to the migration of Li* ions from within the cathode material to the particle surface
during the reheating process at 500 °C. As the material cools afterward, the migrated Li" ions react with CO,
and H,O in the ambient air, resulting in the generation of new LiOH and Li,CO, layers on the cathode
material's surface.

In Figure 1C, the XRD patterns of the NCA and NCA-6000 samples are presented. Both samples display a
highly ordered hexagonal layered a-NaFeO, structure belonging to the space group Rgm. Two pairs of
diffraction peaks (108)/(110) and (006)/(102) split significantly, indicating that both samples have ideal
layered structures'*. This could be due to the relatively low concentrations of both the added AL O, and the
formed LiAlO,. The lattice parameters of the two samples were determined using the Si internal standard
method, and the results are summarized in Supplementary Table 1. Compared with NCA, the c-axis lattice
parameter of NCA-6000 is slightly reduced. As illustrated in Figure 1D, this can be explained by the
diffusion of a minor amount of Li from the core of the cathode material particles to the surface. This process
leads to a reduction in the Li* content within the Li layer and a slight rise in the occupancy of Ni** in the
same layer(ry,, = 0.69, ry;, = 0.76 A)™.

The SEM images of the NCA and NCA-6000 samples are shown in Figure 2A-D. It is evident that the
secondary particle morphology of both samples shows no remarkable differences, and both consist of
nanoscale primary particles with an average size of around 10 nm. However, in the EDS mapping of the
NCA-6000 sample [Figure 2E-H], besides the homogeneous distribution of Ni, Co, and Al elements, a slight
surface enrichment of Al is also detected. This observation could be associated with the formation of a
LiAlO, structural layer, which arises from the reaction between LiOH and AlLO, on the surface of the
cathode material. The surface structure of NCA-6000 samples is further analyzed by TEM. As illustrated in
Figure 2I and ] and Supplementary Figure 2, the surface structure of the NCA-6000 sample displays a
pronounced heterogeneous morphology. Additionally, the development and distribution of the LiAlO,
structural layer are strongly linked to the existence of residual LiOH. Region I displays lattice fringes with a
d-spacing of 0.4784 nm, which matches the (003) plane of NCA™. In contrast, region II shows distinct
lattice fringes that differ from those of NCA, with a spacing of 0.2047 nm corresponding to the (104) plane
of LiAlO, (PDF#44-0224)"). Through XRD, SEM, and TEM analyses, it is observed that the added ALO,
reacts with residual LiOH to form a heterostructure layer of LiAlIO,@NCA on the surface of the cathode
material, enabling quantitative reconstruction of the surface structure of the cathode material.

To investigate the impact of the LiAlO,@NCA heterostructural layer on the structural integrity, stability,
and electrochemical performance of the cathode material, the surface structures of LiAlO,, NCA and NCA-
6000 are modeled and analyzed, as illustrated in Figure 3. Using the NCA as a matrix, a LiAlO,@NCA
heterostructure is formed on its surface. As shown in Figure 3A and B, the band structures of both LiAlO,
(E, = 5.94 eV) and NCA (E, = 3.11 eV) reveal wide-bandgap semiconductor characteristics. However, the
band structure of the LiAlO,@NCA heterostructures reveals characteristics typical of conductors
[Figure 3C]. The electron energy levels of the LiAlIO,@NCA heterostructure exhibit unique electrochemical
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Figure 2. SEM images of NCA and NCA-6000 (A and B) NCA; (C and D) NCA-6000; (E-H) SEM and EDS surface scanning element
distribution map of NCA-6000 elements of Ni, Co and Al; (I and J) TEM image of the NCA-6000.

properties and provide excellent electron conductivity. In practical applications, the LiAlO,@NCA
heterostructure can effectively enhance current efficiency, reduce the ion migration energy barrier,
significantly improve electron polarization during charge/discharge cycles, and boost the rate performance

of cathode materials.

To uncover the underlying reasons, the charge density distributions of the two substrates (LiAlO, and NCA)
and atoms are further analyzed. As illustrated in Figure 3D, the valence band top of LiAlO, is primarily
dominated by O-2p orbitals, with a minor contribution from weakly localized Al-3p orbitals. The weak
localization of Al-3p allows it to form stable hybrid states with O-2p, effectively suppressing lattice oxygen
release. While AI** does not participate in redox reactions, it stabilizes the oxygen framework, thereby
reducing interfacial side reactions. As shown in Figure 3E, the valence band top of NCA is predominantly
composed of Ni-3d orbitals, with contributions from Co-3d and O-2p orbitals. The strong localization of
the Ni-3d orbitals indicates that their electron cloud distribution is highly concentrated near the atomic
nucleus. This localization necessitates overcoming a higher electronic transition energy barrier during the
Ni*/N** oxidation process, significantly reducing the redox reaction rate. Additionally, the localized Ni-3d
orbitals enhance the covalency of the Ni-O bond, thereby restricting lithium-ion migration within the
layered structure. Although the Co-3d orbitals also exhibit strong charge localization, their significant
energy level splitting facilitates electronic transitions in the Co*/Co* redox reaction, partially offsetting the
negative effects of localization. Moreover, the hybridization between Co-3d and O-2p orbitals forms

delocalized states, accelerating the charge transfer process.
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Figure 3. Energy band and structure (A) LiAIO,; (B) NCA; (C) LIAIO,@NCA; State density diagram (D) LiAIO,; (E) NCA; (F)
LIAIO,@NCA.

The LiAlO,@NCA heterostructure achieves gradient localized electronic states through orbital hybridization
at the interface (Ni-3d/O-2p and Al-3p/O-2p). These interface states bridge the strongly localized Ni-3d and
delocalized O-2p orbitals, lowering the charge transfer barrier. Through this interface state regulation, the
LiAlO,@NCA heterostructure balances localized and delocalized characteristics, reduces the charge transfer
energy barrier, optimizes overall redox kinetics, and achieves a synergistic enhancement in both kinetics
and stability.

As shown in Figure 3F, the density of states (DOS) distribution of the LiIAIO,@NCA heterostructure is a
result of this regulation. The valence bands are primarily formed by the hybridization of Ni-3d, Co-3d, and
O-2p orbitals, while the conduction bands are contributed to by the hybridization of O-2p and Al-3p
orbitals. Each band exhibits a high degree of localization. The energy loss function also illustrates this point
from another perspective. As shown in Supplementary Figure 3, the degree of energy loss caused by charge
movement in the LiAlIO,@NCA heterostructure is significantly reduced. The formation of the LiAlO,@NCA
heterostructure improves the band structure of the original system, introduces interface state characteristics,
and enhances electron conductivity.

XPS is further employed to analyze the surface composition of the NCA and NCA-6,000 samples, with the
results presented in Figure 4, full spectrum Supplementary Figure 4, and Supplementary Table 3. By
comparing the amount of Ni**/Ni** in NCA and NCA-6000 [Figure 4A and B], it is found that the amount
of Ni** increases slightly in the NCA-6000 sample. It may be that the amount of Li* in the Li layer is slightly
reduced during the heat drive process (500 °C), which is consistent with the results of titration. Compared
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with NCA, the Al 2p peak in NCA-6000 also exhibited a slight increase [Figure 4C and D], which can
primarily be attributed to the addition of AL,O,. In the C1s spectrum [Figure 4E and F], the Li,CO, content
in NCA-6000 increased slightly compared to NCA (from 8.9% to 9.4%). This increase can be attributed to
the diffusion of a small amount of Li from the interior of the cathode material to its surface during reheating
at 500 °C, leading to the formation of new Li,CO, on the surface. Figure 4G and H shows the O 1s spectrum,
with peaks at 529.00 eV attributed to lattice oxygen (M-O). The peak at 530.35 eV corresponds to residual
lithium compounds (R-O-Li, such as Li,CO, and LiOH) on the surface of the cathode material">'**,
Compared with NCA, the M-O content on the surface of NCA-6000 is slightly increased*. This increase
may be related to the formation of the LiAlO,@NCA heterostructure. Figure 4G and H presents the O 1s
spectrum, where the peak at 529.00 eV is assigned to lattice oxygen (M-O). The peak at 530.35 eV is
associated with residual lithium compounds (R-O-Li, such as Li,CO, and LiOH)">"***. In comparison with
NCA, the M-O content on the surface of NCA-6000 shows a slight increase'*”. This enhancement could
potentially be linked to the formation of the LiAlO,@NCA heterostructure. Additionally, the R-O-Li peak
area in NCA-6000 decreased from 51.0% (in NCA) to 45.1%, indicating a reduction in residual lithium
compounds, which can be attributed to the conversion of LIOH by the addition of AL O..

The study provides a comprehensive evaluation of the electrochemical performance of two cathode material
samples: NCA and NCA-6000. The primary focus is on understanding the influence of the LiAlIO,@NCA
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heterostructure, which is formed through a process of quantitative reconstruction. This heterostructure
plays a critical role in altering the surface properties of the cathode materials, thereby affecting their overall
electrochemical behavior. In terms of specific electrochemical performance metrics, the results reveal that
the NCA-6000 sample demonstrates superior characteristics compared to the standard NCA material. For
instance, the initial discharge capacity of NCA-6000 is measured at 206.0 mAh-g”, which represents an
improvement over the capacity of the NCA sample of 201.9 mAh-g" [Figure 5 and Supplementary Table 4].
Additionally, the initial coulombic efficiency of NCA-6000 is recorded at 89.4%, surpassing the 88.9%
efficiency of the NCA sample. These enhancements suggest that the formation of the LiAlO,@NCA
heterostructure effectively mitigates irreversible capacity loss during the initial electrochemical processes.

The rate performance of the two cathode material samples, NCA and NCA-6000, is visually presented in
Figure 5B and further detailed in Supplementary Figure 5A. When comparing the two samples, it becomes
evident that the NCA-6000 sample demonstrates superior characteristics in terms of discharge capacity and
coulombic efficiency. Across all tested rates, the NCA-6000 consistently delivers higher discharge capacities,
indicating its ability to maintain a greater energy output even under high current demands. In addition to
higher discharge capacities, the NCA-6000 also exhibits more stable coulombic efficiency compared to the
standard NCA material. Coulombic efficiency, which measures the ratio of lithium ions extracted during
discharge to those inserted during charge, is a key indicator of a battery's overall efficiency and longevity.
Specifically, as the rate increased from 0.1 to 2 C, the rate capacity of NCA-6000 showed a more substantial
improvement. The enhanced rate performance of the NCA-6000 sample can be attributed to the formation
of the LiAlO,@NCA heterostructure. This architecture optimizes the band structure of the initial system,
boosts the electronic conductivity of the cathode material, and minimizes electron polarization during
charging and discharging, aligning with the computational findings. FiguresC and
Supplementary Figure 5B demonstrate the cycling stability of the samples within a voltage window of
2.8-4.3 V over 200 cycles at a current density of 1 C. Compared with NCA, the NCA-6000 sample exhibited
significantly higher discharge capacity, superior capacity retention, and more stable coulombic efficiency.
After 200 cycles (1 C), the NCA-6000 sample maintains a capacity of 137.3 mAh-g", corresponding to a
capacity retention of 77.6%. Conversely, the NCA sample shows a significantly lower discharge capacity of
85.5 mAh-g" after the same number of cycles, with a retention rate of only 53.3%.

It can be seen that LIAIO,@NCA heterostructure can effectively reduce capacity fade and improve the cyclic
stability of cathode materials. Moreover, compared with cathode materials optimized using existing surface
modification methods, the NCA-6000 sample exhibits competitive electrochemical performance
[Supplementary Table 5].

In order to further clarify how the LiAlIO,@NCA heterostructure, obtained via quantitative reconstruction,
enhances the reversibility and structural stability of the cathode material, a comparison of the dQ/dV
evolution for the NCA and NCA-6000 samples is presented from the 1st to the 200th cycle. This analysis is
conducted within the voltage range of 2.8-4.3 V at a rate of 1 C, as illustrated in Figure 5D and E. The
dQ/dV curves of both the NCA and NCA-6000 samples show characteristic repeated phase
transformations"“”. The behavior of the REDOX peaks in NCA samples provides valuable insights into the
material’s electrochemical performance and structural stability over repeated charge-discharge cycles. As the
number of cycles increases, a gradual decline in the intensity of these REDOX peaks is observed, indicating
a potential reduction in the active sites available for redox reactions within the material. In addition to the
diminishing intensity, the position of the REDOX peaks also undergoes significant shifts with increasing
cycle numbers. In contrast, the reduction peak of NCA-6000 only shows a slight decrease after 200 cycles,
with the overall shape of the REDOX peaks remaining intact. These observations indicate that NCA-6000
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Figure 5. Comparison of electrochemical performances of the sample (A) first charging and discharging profiles; (B) charge-discharge
performance at various current densities; (C) Cycling performance at 1 C; dQ/dV curves NCA (D) and Al-4000 (E).

exhibits superior structural reversibility and stability, which is consistent with its excellent cyclic
performance demonstrated in Figure 5C.

The outstanding electrochemical performance of cathode materials is strongly linked to the diffusion
kinetics of Li* and the characteristics of the interfacial environment. To explore in greater detail how the
reconstructed LiAlIO,@NCA heterostructures influence the dynamics of Li* migration, as well as the
structural and interfacial stability of cathode materials, analyses are conducted using CV, EIS, and by
examining the cross-sections of electrode plates both before and after cycling. As illustrated in Figure 6A-F,
CV measurements are performed on NCA and NCA-6000 samples with sweep rates varying from 0.1 to
1.0mV-s’. Both NCA and NCA-6000 samples exhibited distinct repetitive phase transitions.
Figure 6A and B illustrates the CV curves of the NCA and NCA-6000 samples at a sweep rate of 0.1 mV-s™.

After three scans, the voltage drop for the NCA sample is 0.2937 V. In contrast, the voltage drop for the
NCA-6000 sample is lower, at 0.2290 V. This indicates that the LiAlIO,@NCA heterostructure obtained
through quantitative reconstruction provides superior structural reversibility for the cathode material.
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Figure 6. CV curves NCA (A) and NCA-6000 (B) at a sweep speed of 0.1 mV-s™; CV curves NCA (C) and NCA-6000 (D) at different
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profile is not tested; (J) NCA pole plate profile after 200 cycles; (K) NCA-6000 pole plate profile is not tested; (L) NCA-6000 pole
plate profile after 200 cycles.

Figure 6C and D displays the CV curves acquired at sweep rates varying from 0.2 to 1 mV-s". A linear fitting
analysis is conducted between the peak REDOX current (I,) and the square root of the scan rate at various
sweep speeds, and the resulting fitting outcomes are shown in Figure 6E and F. It can be observed that the
slope (K) of NCA-6000 is greater than that of NCA in both the oxidation and reduction processes.
Furthermore, D;; can be determined by employing the Randles-Sevcik equation, as given below!***:

[, = 2.68 X 10° x n%/2 x A x D;/* x v/2 x C, (4)
K =2.68 x 10° x n*2 x Ax D}/* x C, (5)

Here, n refers to the charge number associated with the ion involved in the redox process, which in this case
is lithium ions (Li"), carrying a single positive charge (n = 1). The parameter A denotes the geometric
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surface area of the electrode, which is critical for determining the amount of active material participating in
the electrochemical reactions. In this context, the electrode surface area is given as 1.33 cm®. The symbol A
represents the scanning rate used in CV experiments, typically expressed in mV-s™. Lastly, C, signifies the
concentration of lithium ions (Li") in the electrolyte solution'”. Moreover, Dy, can be calculated from I, and
the slope K of the curve. According to the fitted curve slopes, the D;; values for the charging processes of
NCA and NCA-6000 are 5.89 x 10” and 5.18 x 10° cm’S™, respectively. During the discharging processes,
the corresponding the D;; values are 5.89 x 10” and 5.18 x 10* cm’S", respectively. In both the charging and
discharging phases, the NCA-6000 sample demonstrates a significantly higher D;,. These results indicate
that the LiAlO,@NCA heterostructure obtained through quantitative reconstruction enhances the Li
diffusion kinetics of the cathode material, which is consistent with the excellent magnification performance
of NCA-6000.

Excellent electrochemical properties are closely related to the interfacial environment of the material.
Therefore, the EIS profiles of NCA and NCA-6000 samples before and after cycling were compared.
Figure 6G and H shows the electrochemical impedance spectra of NCA and NCA-6000 samples after the
oth and 200th cycles. Figure 6G presents the equivalent circuit and impedance curve of a battery in its
uncharged or discharged state. The curve shows a semicircle in the high-frequency region and a diagonal
line in the low-frequency region, indicating R, and Warburg impedance!®’. The point where the semicircle
meets the real axis (Z') at high frequencies corresponds to the ohmic resistance (R,). This value encompasses
the resistance contributed by the electrolyte as well as other resistive components™’. Figure 6H presents the
electrochemical impedance of the battery after 200 cycles at 1 C rate within 2.8-4.3 V. The spectra of cycled
cells reveal a high-frequency semicircle linked to the solid electrolyte interface resistance (R,). This is absent
in Figure 6G as the SEI film does not form when uncharged™. After cycling, the increase in R is primarily
attributed to the instability of the electrolyte, leading to increased electrolyte resistance. The results of the
fitting are compiled in Supplementary Table 6, demonstrating that the cycled battery has a considerably
higher R, compared to the uncycled battery. Notably, the R, of NCA-6000 samples was markedly reduced
compared to NCA, owing to the enhanced conductivity and reduced interfacial side reactions of NCA-6000.
This finding matches the excellent cycling performance of NCA-6000. Results show that the LiAlIO,@NCA
heterostructure improves cathode conductivity and reduces electrode-electrolyte side reactions through
quantitative reconstruction.

The cross-sectional morphology of NCA and NCA-6000 samples before and after cycling was analyzed
using SEM. As shown in Figure 6I-L, the thickness of the electrode material on the uncycled NCA and
NCA-6000 samples is ~31 and ~32 um, respectively. It can be observed that the thickness difference
between the two samples is minimal when the electrodes are uncycled. SEM is used to analyze the cross-
sectional morphology of NCA and NCA-6000 samples before and after cycling. As depicted in Figure 6I-L,
the uncycled NCA and NCA-6000 electrode thicknesses are ~31 and ~32 pm, respectively, with minimal
difference between them.

However, after 200 cycles, the electrode material on the NCA sample exhibits significant volume expansion,
increasing from an initial thickness of ~31 to ~49 um, which correlates with the low capacity and capacity
retention rate observed after 200 cycles. In contrast, after 200 cycles, the electrode material on the NCA-
6000 sample shows only a slight volume expansion, from an initial thickness of ~32 to ~37 um. The reduced
volume expansion of the NCA-6000 sample indicates that surface side reactions are effectively suppressed,
leading to better interface stability. In conclusion, the LiAlIO,@NCA heterostructure obtained through
quantitative reconstruction improves electrode interface stability and offers a way to enhance the cycle
stability of NCA cathode materials.
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CONCLUSIONS

This quantitative reconstruction strategy, which involves adding 6,000 ppm of AL,O, as a Li-reactant to react
with the residual 3,156 ppm of LiOH on the NCA surface, not only effectively reduces the residual LiOH
and forms a LiAlO,@NCA heterostructure on the NCA cathode material surface but also provides a
theoretical basis for the addition of Li-reactants, thereby breaking through the limitations of empirical trial-
and-error methods. The developed LiAlIO,@NCA heterostructure incorporates interface state features,
optimizes the band structure of the initial system, boosts electronic conductivity, decreases the energy
barrier for Li* migration, and mitigates polarization during charging and discharging. These enhancements
collectively lead to improved rate capability and charge-discharge efficiency of the NCA cathode material.
Compared to NCA, the NCA-6000 sample exhibits higher discharge capacities at all tested rates. Moreover,
the LiAlO,@NCA heterostructure forms a stable protective coating on the NCA cathode surface, reducing
unwanted reactions between the electrode and electrolyte, limiting volume changes in the electrode
material, improving interfacial stability, and enhancing structural reversibility. These factors collectively
improve the cycling stability of the NCA cathode material. Under 1 C conditions, the NCA-6000 sample
demonstrated a capacity retention of 77.3% after 200 cycles, which is higher than the 55.3% observed for the
NCA sample under identical conditions. The quantitative reconstruction strategy for the surface structure
of NCA cathode materials proposed in this study offers a promising approach to developing high-energy-
density cathode materials.
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