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ABSTRACT: Single-crystalline Ni-rich layered oxides are one of the most
promising cathode materials for lithium-ion batteries due to their superior
structural stability. However, sluggish lithium-ion diffusion kinetics and interfacial
issues hinder their practical applications. These issues intensify with increasing Ni
content in the ultrahigh-Ni regime (>90%), significantly threatening the practical
viability of the single-crystalline strategy for ultrahigh-Ni layered oxide cathodes.
Herein, by developing a high-entropy coating strategy, we successfully constructed
an epitaxial lattice-coherent high-entropy rock-salt layer (~3 nm) via Zr and Al
doping on the surface of the single-crystalline cathode LiNijg,CogosMng¢;0,
through an in situ modification process. The surface high-entropy rock-salt layer
with tailored Ni valence and lattice coherence not only greatly improves lithium-
ion diffusion kinetics but also suppresses interface parasitic reactions and surface
structural degradations. The high-entropy surface layer-stabilized ultrahigh-Ni
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single-crystalline cathode (SC-Ni92-ZA) demonstrates significantly improved rate and cycling performances (127.5 mAh g~ at
20C, capacity retention of 74.9% after S00 cycles at 1C) in a half-cell. The SC-Ni92-ZA exhibits a capacity retention of 87.1%
after 600 cycles at 1C in a full-cell. This epitaxial lattice-coherent high-entropy coating strategy develops a promising avenue

for developing high-capacity, long-life cathode materials.
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industry—particularly in electric vehicles, consumer

electronics, and grid storage—has driven a substantial
demand for lithium-ion batteries with higher energy density
and longer cycle life.'™* Among various candidates for the
cathode, single-crystalline Ni-rich layered oxide with a nominal
component of LiNi,Co,Mn,_,_,0, (x > 0.6, NCM) is
regarded as one of the most promising cathode materials,
owing to its high discharge specific capacity (>200 mAh g™'),
high operating voltage (>3.8 V), relatively low cost, excellent
structural stability and safety.”~® To further meet the pursuit of
high energy density, increasing the nickel content is a
consistently effective approach in NCM cathode. Particularly,
the ultrahigh-Ni NCM, symbolized by LiNi,Co,Mn,_,_,0,
with x > 0.9, delivers a reversible capacity of more than 220
mAh g_1 under a 4.3 V cutoff voltage.g However, serious
challenges, such as sluggish lithium-ion diffusion kinetics and
interfacial issues, are dramatically exacerbated when using
ultrahigh-Ni single crystals as cathodes. First, considering the
sluggish lithium-ion diffusion kinetics, Sun et al. reported that
by increasing the Ni content from 0.7 to 0.9 in NCM cathodes,

In recent years, the rapid development of the new energy
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the discharge capacity discrepancy at 0.5 C between
polycrystals and single crystals climbed from 10 to 26 mAh
g~', and the gap in rate performance also widened significantly,
rendering the ultrahigh-Ni single crystals almost unusable for
practical applications.'® Equally important, the long-term
cycling stability of ultrahigh-Ni single crystals is severely
compromised by interfacial issues, including interfacial side
reactions, transition metal dissolution, and surface structure
degradation, which stem from the high chemical activity of
oxidized lattice oxygen O% (a < 2) species and Ni** under
high cutoff voltage."' ~*

Recently, high-entropy strategies have been applied to the
design of advanced materials, as high-entropy materials exhibit
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Figure 1. Modification strategy, morphology, and structural analysis of SC-Ni92-ZA. (a) Schematic diagram of the process to produce SC-
Ni92-ZA; (b) HRTEM images of SC-Ni92-Pri and SC-Ni92-ZA; (c) In-depth XPS spectra of Zr 3d, Al 25, Li 1s, Ni 2p, and O 1s for SC-Ni92-
ZA powder; (d) EDS elemental mappings of Ni, Zr, and Al for the cross-section of SC-Ni92-ZA powder.
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unique physical and chemical properties.">™"” In accordance
with the Gibbs—Helmholtz equation, the Gibbs free energy
diminishes with increasing entropy, consequently imbuin

high-entropy materials with superior and inherent stability.'®""
Building on this understanding, it has been conclusively
demonstrated that the stability and performance of cathode
materials can be markedly improved through high-entropy
stabilization or strategies inspired by it.”"~"* Nevertheless,
given that high-Ni content is pivotal to achieving high capacity
in ultrahigh-Ni single-crystalline cathodes, it is clear that the
conventional near-equimolar strategy is unfeasible.”** High-
entropy surface modification is a potentially effective
strategy”””>*® that significantly improves the stability of the
interfacial structure while ensuring a substantial Ni content in
the bulk. Additionally, the high-entropy surface layer can
provide fast lithium-ion transport channels to improve
diffusion kinetics when it is epitaxially lattice-coherent with
the bulk material. For instance, Amine et al. utilized an
epitaxial entropy-assisted coating strategy based on the
crystallographic structural congruence between the Wadsley-
Roth phase and layered-oxide cathodes to achieve fast ionic
transport in ultrahigh-Ni polycrystals.”* In our previous work,
we constructed a coherent near-surface high-entropy zone by
Mg—Al-Eu codoping to enhance the rate and cycling
performance of LiCoO, at high voltage.”® However, the
construction of epitaxial lattice-coherent high-entropy surface
layers in ultrahigh-Ni single crystals has rarely been reported
systematically, and the fundamental design principles under-
lying this process have not been fully revealed.

Herein, inspired by the concept of high-entropy stabilization,
we propose an innovative approach to construct an epitaxial
high-entropy rock-salt structure on the surface of an ultrahigh-
Ni single-crystalline cathode LiNij,C0g0sMng 030, (SC-Ni92-
Pri) to address interfacial issues and sluggish lithium-ion
diffusion kinetics. Based on Pauling’s rule of electroneutrality,
in a stable crystal structure, the sum of the strength of the
electrostatic valence bonds of the nearest neighboring cations
tends to equal the electric charge of the anion. Accordingly, for
the ultrahigh-Ni single-crystal system, the relation of
Q=-2+ Z?: 1 Zi/6 (Z = electric charge of cations) should
approach zero to ensure the stability of the octahedral
coordination structure.””** Consequently, the epitaxial high-
entropy rock-salt structure can be successfully achieved
through an in situ surface Zr/Al dual-modification process
according to Pauling’s rule of electroneutrality. The con-
struction mechanism and enhancement effects of this structure
can be attributed to the following aspects: (1) Modulating the
Ni valence on the surface by the introduction of the high-
valence Zr element owing to the electric charge compensation,
facilitating the induction of a surface lattice-coherent rock-salt
layer and stabilization of the interfacial structure by
suppressing Ni valence on the surface at the high delithiation
states;”” ' (2) Strengthening the covalent bond between the
transition metal and oxygen to further inhibit surface oxygen
loss by introducing Al and Zr;?> (3) Forming a lattice-
coherent high-entropy rock-salt layer (Li—Ni—Co—Mn—Zr—
Al-0) with Zr, Al and Li enrichment, which is considered
potentially beneficial for Li-ion diffusion. Thus, the surface
high-entropy coating-stabilized LiNijg,Cog4sMng 430, cathode
exhibits excellent rate and cycling performance under a 4.4 V
cutoff voltage. This work highlights the great potential of the

epitaxial lattice-coherent high-entropy rock-salt structure for
ultrahigh-Ni single-crystalline cathode materials.

1. RESULTS AND DISCUSSION

The schematic diagram of the synthesis process for SC-Ni92-
ZA was depicted in Figure la. As shown in Figure SI,
Supporting Information, a well-defined single-crystalline
morphology and smooth surfaces can be detected in both
SC-Ni92-Pri and SC-Ni92-ZA, with particle sizes of approx-
imately 2—3 pm. The elements were uniformly distributed in
both samples, as revealed by scanning electron microscope
(SEM) mapping images (Figures S2 and S3, Supporting
Information). The Rietveld refinements of X-ray diffraction
(XRD) patterns and the corresponding locally enlarged views
of SC-Ni92-Pri and SC-Ni92-ZA are shown in Figure S4,
Supporting Information, indicating that both samples exhibited
an a-NaFeO,-type hexagonal structure with an R-3m space
group, with no impurities detected. The peaks of (006)/(012)
and (018)/(110) split clearly, indicating well layered structures
in both samples. The results of Rietveld refinements are listed
in Tables S1 and S2, Supporting Information. Compared to
SC-Ni92-Pri (14.18188 A), the lattice parameter ¢ of SC-Ni92-
ZA (14.18543 A) increased slightly, which may be attributed
to the near-surface introduction of Zr*" and AI** ions, resulting
in the expansion of the interlayer spacing.

Leveraging high-resolution transmission electron microscope
(HRTEM), the surface structures of the two materials were
meticulously characterized at the atomic scale. In Figure 1b, a
neat arrangement of layered structures without structural
abnormality is observed at the surface of SC-Ni92-Pri. As for
SC-Ni92-ZA, a lattice-coherent rock-salt layer (~3 nm) was
constructed at the edge zone due to the in situ surface
modification, as confirmed by the corresponding fast Fourier
transform (FFT) image. To elucidate further details of the
lattice-coherent layer in SC-Ni92-ZA, X-ray photoelectron
spectroscopy (XPS) at various etching time was utilized to
detect the element distribution and value states from the
surface to the interior. As shown in Figure lc, the signal
intensity of Ni gradually increased from the surface to the
interior, while the signal intensity of Li remained relatively
constant. Notably, signals of exotic elements Zr and Al were
detected during the etching process. These results reveal the
concurrent enrichment and penetration of Zr and Al on the
surface and near-surface region and confirm the composition of
the disordered rock-salt layer as a Li—Ni—Co—Mn—Zr—Al—
O-type high-entropy complex. Furthermore, energy dispersive
spectrometer (EDS) elemental mappings acquired on the
cross-section of SC-Ni92-ZA (prepared by focused ion beam)
show that Zr and Al primarily segregate on the surface of SC-
Ni92-ZA (Figure 1d). Considering no external coating layer
was detected on the surface of SC-Ni-92-ZA (Figure 1b), it
suggests Zr and Al elements were introduced into the lattice
structure of the near-surface region. This particular composi-
tion of the surface high-entropy layer is potentially beneficial
for Li-ion diffusion. First, the high valence state of Zr** and
AP* (compared to Ni**) may introduce an abundance of Li
ions to the rock-salt region, thereby constructing fast ion
transport channels. Second, Zr and Al can penetrate the near-
surface layered structure, enhancing lithium-ion diffusion
kinetics. Last but not least, the lattice-coherent connection of
the bulk and surface structure may reduce lithium-ion diffusion
barriers.
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Figure 2. Electrochemical performance comparison. (a) Cycling performance of half-cells for SC-Ni92-Pri, SC—Ni92-Al, SC—Ni92-Zr, and
SC-Ni92-ZA; (b-c) The corresponding dQ dV ' curves; (d) Rate performance; (e) Cycling performance at SC high rate; (f) Cycling
performance of full cells with graphite as the anode at 1C and within the voltage range of 2.7—-4.3 V.

In order to verify our design concept, SC-Ni92-Pri and SC-
Ni92-ZA were subjected to cyclic voltammetry (CV) at
different sweep rates to examine Li* transport kinetics (Figure

33709

SSa-b, Supporting Information). Both SC-Ni92-Pri and SC-
Ni92-ZA underwent a sequence of redox processes and phase
transitions, from H1 to M, to H2, and to H3 (where H and M
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represent hexagonal and monoclinic, respectively).”* Accord-
ing to the Randles-Sevcik equation, the peak current I, and
scan rate v”° can be linearly fitted, with the slope being
positively correlated with the lithium-ion diffusion coefficient
(Figure SSc, Supporting Information).”> Apparently, a higher
slope value of 1.89 can be observed for SC-Ni92-ZA, compared
to the 1.37 for SC-Ni92-Pri, suggesting enhanced lithium-ion
diffusivity in the former. In addition, the much sharper redox
peaks of SC-Ni92-ZA implied significantly improved ionic
transport kinetics. Even at a low sweep rate (0.1 mV/s), SC-
Ni-92-ZA exhibited lower polarization and sharper redox peaks
than SC-Ni92-Pri (Figure SSd, Supporting Information). The
role of the surface high-entropy layer was further investigated
by using the Galvanostatic Intermittent Titration Technique
(GITT) (Figure S6, Supporting Information). Based on the
lithium-ion diffusion coeflicients calculated from the GITT
results (Figure S6c—d, Supporting Information), SC-Ni92-ZA
exhibited superior ion kinetics compared to SC-Ni92-Pri
throughout the cycling process.*® Furthermore, after cycling,
the divergence in lithium-ion diffusion coefficients between the
two samples became more pronounced within the voltage
range exceeding 4.2 V, indicating that the irreversible H2—H3
phase transition in SC-Ni92-Pri resulted from reduced lithium-
ion diffusion kinetics. These results demonstrate a significant
enhancement in lithium-ion diffusion kinetics, redox reversi-
bility and depolarization, achieved by the epitaxial lattice-
coherent high-entropy rock-salt layer.

As depicted in Figure S7, Supporting Information, SC-Ni92-
ZA exhibited an initial discharge specific capacity of 224.0 mAh
g, higher than that of SC-Ni92-Pri (220.3 mAh g™') at 0.1C
(1C =200 mA g™"). The capacity difference was more evident
at 1C, with SC-Ni92-ZA showing an approximate increase of
9.2 mAh g™! in discharge capacity relative to SC-Ni92-Pri. The
expanded capacity further validated the effectiveness of the
surface high-entropy modification strategy in improving the
lithium-ion kinetics of the ultrahigh-Ni single-crystal cathode.
Furthermore, after 200 cycles, SC-Ni92-ZA maintained the
highest capacity retention of 84.7%, outperforming SC—Ni92-
Zr (~76.7%, Zr-modified), SC—Ni92-Al (~72.1%, Al-
modified) and SC-Ni92-Pri (~64.1%) (Figure 2a). After
long-term cycling, SC-Ni92-ZA still exhibited excellent
capacity retention (74.9%, 500 cycles) (Figure S8, Supporting
Information). The charge—discharge and differential capacity
(dQ dV") curves during cycling, shown in Figure S9 and
Figure 2b—c, respectively, indicate that surface high-entropy
modification significantly improved the reversibility of the
H2—H3 phase transition and markedly reduced polarization.
SC-Ni92-ZA consistently demonstrated prominent discharge
capacity, surpassing that of SC-Ni92-Pri, and the performance
gap widened as the rate increased. Notably, as illustrated in
Figure 2d, at a current density of 20C, SC-Ni92-ZA still
delivered a discharge capacity of 127.5 mAh g~', whereas SC-
Ni92-Pri exhibited only 1054 mAh g~'. Additionally, SC-
Ni92-ZA demonstrated improved long-term cycling stability
compared to SC-Ni92-Pri at a high rate, retaining 77.4% of its
capacity after 500 cycles at SC, while the latter remained only
31.1% (Figure 2e). Harsh condition electrochemical perform-
ance is vital to battery applications.”” Notably, in comparison
to the SC-Ni92-Pri, SC-Ni92-ZA exhibited not only a higher
capacity release but also superior cycling stability under
challenging conditions (Figure S10, Supporting Information).
Moreover, SC-Ni92-ZA retained a reversible discharge capacity
of 169.0 mAh g™" with a capacity retention of 87.0% after 600

cycles in full-cell. In contrast, SC-Ni92-Pri’s full-cell retained
only 114.5 mAh g~', with a retention rate of 60.5% (Figure 2f).
The electrochemical performances of SC-Ni92-ZA were highly
competitive among ultrahigh-Ni single-crystalline cathode
materials (Table S3, Supporting Information). The impact of
the postheating process on electrochemistry performance
(Figure S11, Supporting Information) has also been inves-
tigated, revealing that the outstanding performance primarily
stems from surface modification rather than the postannealing
treatment. Electrochemical properties of SC-Ni92-ZA at
various sintering temperatures (Figure S12, Supporting
Information) revealed that the optimal temperature for
achieving the best results from surface high-entropy layer
construction was 500 °C. This modification strategy was
extended to improve single-crystal LiNij g3Coq ;;Mng 45O, (SC-
Ni83) and polycrystalline LiNijg;Co1,Mng 0, (PC-Ni83).
The results (Figure S13, Supporting Information) confirmed
the broad applicability of this modification strategy, as
performance improvements were observed in both single-
crystal and polycrystalline samples following surface mod-
ification.

Electrochemical Impedance Spectroscopy (EIS) was per-
formed to investigate the interface-related properties (Figure
S14, Supporting Information). The EIS spectra display two
semicircles and an inclined line, corresponding to the cathode
electrolyte interface (CEI) film resistance (Rf), charge transfer
impedance (R.) and Warburg impedance (w,), spanning from
the high- to the low-frequency regions, respectively.”® As
shown in Table S4, SC-Ni92-Pri exhibited significantly higher
R values than SC-Ni92-ZA, particularly after long-term
cycling. The impedance evolution was further studied using
in situ EIS, as depicted in Figure S1S, Supporting Information.
While the values of Ry remained almost constant throughout
the electrochemical processes, the R, values fluctuated widely
at different states of charge (SOCs). Particularly, the SC-Ni92-
ZA consistently maintained a significantly lower R, compared
to SC-Ni92-Pri, demonstrating superior performance through-
out the electrochemical process. Additionally, the advanced
distribution of relaxation time (DRT) method was used to
further analyze in situ EIS data (Figure S16, Supporting
Information).>””*" The area and characteristic time constant of
the peaks were strongly correlated with impedance and kinetics
processes. The peaks with a time range of 107°—107%, 107*—
1073, and 0.1-10 s, can be attributed to R, R, and R,
respectively.”" This clearly demonstrated that the sharply
increased R was the main contributor to impedance, leading
to deteriorated kinetics and capacity.

Density functional theory (DFT) calculations were con-
ducted to investigate the lattice oxygen stability and lithium-
ion migration after near-surface doping with Al and Zr. As
shown in Figures S17—18, Supporting Information, the
introduction of Zr and Al ions led to an increase in oxygen
vacancy formation energy, with the codoping of Zr and Al
exhibiting the highest oxygen vacancy formation energy.
Lithium-ion diffusion barriers were also compared at different
SOCs (Figures S19—21, Supporting Information). Although
the introduction of Zr/Al had a negligible influence on lithium-
ion migration in the initial state of charge, it significantly
reduced the diffusion barrier for lithium-ion migration after
delithiation.

In situ XRD was performed to reveal the phase evolution
during the first charge—discharge cycle from 2.75 to 4.4 V at
0.2C (Figure 3a—b). The position of the (003) diffraction peak
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Figure 3. In situ XRD results and the corresponding enlarged views for (a) SC-Ni92-Pri and (b) SC-Ni92-ZA. For clear, the selected peaks
were displayed to the right of (a) and (b); Lattice parameters of (c) c-axis lattice, (d) a-axis lattice, and (e) unit cell volume during the

cycling process by Rietveld refinement calculation.

is closely related to the value of the c-axis."* As shown in Figure
3c—e, the lattice parameters of SC-Ni92-Pri and SC-Ni92-ZA
were similar during the charging process. However, SC-Ni92-
Pri showed an incomplete phase transition, with a residual H2
phase remaining at the end of discharge, whereas this was
absent in SC-Ni92-ZA. Consequently, the surface high-entropy
shell had no impact on the changes in the lattice parameters of
the bulk phase during the charge/discharge process. The
enhanced phase transition reversibility may stem from the
improved Li* transport kinetics of the epitaxial lattice-coherent
high-entropy rock-salt layer.

Upon charging to a high voltage, the electrolyte undergoes
oxidation due to the close proximity of the Fermi level of the
cathodes to the highest occupied molecular orbital (HOMO)
level of the electrolyte, coupled with an increased concen-

tration of holes."”** Additionally, the dissolution of transition
metals results in the generation of fluorides through side
reactions with the electrolyte.**® These processes lead to the
formation of a complex and thick CEI film on the surface,
thereby impeding the transport of lithium ions. The
morphologies of SC-Ni92-Pri and SC-Ni92-ZA were observed
using SEM after different cycles, as depicted in Figures S22—
23, Supporting Information. Before the electrochemical cycle,
the surfaces of the two samples were smooth and clean. After
200 cycles, the surface of SC-Ni92-Pri became rough, whereas
that of SC-Ni92-ZA remained largely unchanged, indicating
the formation of a thicker CEI film in the former. Additionally,
due to suppressed oxygen evolution in SC-Ni92-ZA, the
formation of detrimental microcracks was also avoided. XPS
was performed to reveal the chemical compositions of the
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fragments for (c) SC-Ni92-Pri and (d) SC-Ni92-ZA.

cycled cathodes (200 cycles). As shown in Figure 4a—b and
Figure S24, Supporting Information, the higher intensities of
organic species implied severe electrolyte decomposition on
the surface of SC-Ni92-Pri compared to SC-Ni92-ZA. The
signal intensity of metal-O for SC-Ni92-ZA was much stronger
than that of SC-Ni92-Pri, demonstrating that the lattice oxygen
on the surface of SC-Ni92-ZA was more stable. Time of flight
secondary ion mass spectroscopy (TOF-SIMS) was further
employed to delve deeper into the chemical information on the
surface of the cycled electrodes. As depicted in Figure 4c—d
and Figure S25—26, Supporting Information, the reconstructed
3D images of C,H™, PO;7, LiF,” and NiF," fragments clearly
indicated that SC-Ni92-Pri exhibited a much thicker CEI film
than SC-Ni92-ZA. Additionally, the leakage current in SC-
Ni92-ZA was significantly lower than in SC-Ni92-Pri at both
45 and 60 °C under the fully charged state, further highlighting
the effective suppression of interfacial side reactions in SC-
Ni92-ZA (Figure S27, Supporting Information).”” These
results demonstrated that the surface high-entropy rock-salt
layer can effectively reduce oxygen evolution and interfacial
side reactions, thereby enhancing the stability of interfacial
chemistry.

33712

The surface structure of the cycled materials (200 cycles at
1C) at the atomic scale was investigated using a high-angle
annular dark-field aberration-corrected scanning transmission
electron microscope (HAADF-STEM). As shown in Figure Sa,
a thick rock-salt layer (~15 nm) and a disordered layered
sublayer can be observed on the surface of cycled SC-Ni92-Pri,
which blocked the transport of lithium-ion, increased the
impedance, and resulted in rapid capacity decay. Besides, the
formation of rock-salt and disordered layered structures is
accompanied by lattice oxygen loss accelerating electrolyte
decomposition. In contrast, only a thin disordered rock-salt
layer was observed on the surface of the cycled SC-Ni92-ZA
(Figure Sb), resembling that of pristine SC-Ni92-ZA (Figure
1b). Figure Sc—d shows the electron energy loss spectroscopy
(EELS) spectra obtained in HAADF-STEM mode. For the O
K-edge spectra, the pre-edge peak located around 530 eV arises
from the electron transition from the O 1s state to the
hybridized states of O 2p and TM 3d orbitals.”® The reduction
in the intensity of the O pre-edge peak is attributed to oxygen
vacancy formation.” The O pre-edge peak is absent in the
surface region for cycled SC-Ni92-Pri (Figure Sc), implying
the formation of significant oxygen vacancies. In contrast,
cycled SC-Ni92-ZA displayed a clear O pre-edge peak in the
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Figure 5. Surface structural degradation. Cross-sectional HAADF-STEM images and the corresponding FFT images of the marked regions
for (a) SC-Ni92-Pri and (b) SC-Ni92-ZA cathodes after 200 cycles at 1C within the voltage range of 2.75—4.4 V; The EELS scanning regions

and the corresponding spectra of O K-edges for (c) SC-Ni92-Pri and (d) SC-Ni92-ZA.

surface region (Figure 5d), indicating the enhanced stability of
near-surface oxygen. On the one hand, the surface high-
entropy rock-salt layer effectively stabilizes lattice oxygen. On
the other hand, according to Pauling’s rules, the increase in
highly reactive Ni*" at the near-surface region is suppressed by
the introduction of high-valence Zr, enhancing surface
structural stability. The surface high-entropy rock-salt layer
effectively inhibits unfavorable surface structure degradation
and oxygen evolution during cycling, contributing to the
maintenance of excellent electrochemical performance.

The schematic diagram illustrating the formation mechanism
and evolution of surface structure is shown in Figure 6.
Through in situ Zr/Al dual-modification, an epitaxial high-
entropy rock-salt layer with Ni valence tailored on the surface
can be successfully constructed following Pauling’s rule of
electroneutrality (Figure 6a). Benefiting from the entropy
stabilization effect and a lattice-coherent structure, SC-Ni92-
ZA retains its layered structure and maintains excellent
electrochemical performance even after prolonged cycling. In
contrast, SC-Ni92-Pri faces significant challenges, including the
formation of a thickened CEI layer, structural deterioration,
and microcracking, which ultimately results in rapid capacity
decay (Figure 6b).

2. CONCLUSIONS

In summary, we introduced Zr and Al onto the surface of the
ultrahigh-Ni single-crystal LiNijg,Cog¢sMng;0, via in situ
modification, thereby constructing an epitaxial lattice-coherent
high-entropy rock-salt coating layer and realizing near-surface
penetration doping of foreign ions. The results of electro-
chemical tests, structural characterizations, and corresponding
DFT calculations demonstrate that the surface high-entropy
modification not only protects the interface—Dby inhibiting
lattice oxygen loss, mitigating interface side reactions, and
reducing electrolyte decomposition—but also enhances
lithium-ion diffusion, stabilizes H2—H3 phase transition, and
prevents adverse structural degradation. Consequently, SC-
Ni92-ZA exhibits improved and sustained reversible capacity
release, maintaining noteworthy enhancements in cycling and
rate performance, even under extreme conditions such as high
temperature, elevated cutoff voltage, and high rates. In full-cell
operation, SC-Ni92-ZA achieved a reversible discharge specific
capacity of 169.0 mAh g™' after 600 cycles at 1C, with a
capacity retention rate of 87.1%. This work presents a practical
approach for enhancing the energy density and lifespan of
ultrahigh-Ni single-crystal materials.

3. EXPERIMENTAL SECTION
3.1. Material Synthesis. Commercial LiNijq,CogosMngo;0,
(SC-Ni92-Pri) powders were purchased from BAK Power Battery
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Co., Ltd. (Shenzhen, China). Zr and Al surface dual-modified
LiNig0,C0g0sMng 30, (SC-Ni92-ZA) was prepared through wet
mixing and one-step annealing. 1.00 g SC-Ni92-Pri, 0.003 g
Zirconium oxynitrate hydrate (99.9%, Innochem), and 0.0021 g
Al(OH)C,HO, (AR, Aladdin) were dispersed in ethanol absolute
and ground evenly until the solvent evaporated. Then the mixture was
annealed at 500 °C for 5 h in an O, atmosphere to obtain the SC-
Ni92-ZA.

3.2. Morphological and Structural Characterization. The
morphologies of the samples were observed by scanning electron
microscope (SEM, Zeiss-SUPRA-55), and the corresponding
elemental distribution was investigated using the X-Max EDS
detector. The transmission electron microscopy (TEM) imaging
was acquired on a field-emission transmission electron microscope
(FETEM, JEOL-3200FS) with an accelerating voltage of 300 kV. The
cross-sectional information was obtained from the slices of focused
ion beam (FIB, FEI-Scios) with liquid Ga as the ion source. The
atomic structural imaging and EELS mapping imaging were detected
by high-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM, JEM-ARM300F). The X-ray diffraction
(XRD) results were collected on a Bruker D8 high-resolution X-ray
diffractometer with Cu—Ka as the radiation source and the Rietveld
refinements of XRD patterns were calculated by GSAS-II software.*
The surface chemical information on samples was researched by X-ray
photoelectron spectrometer (XPS, Thermo Fisher-ESCALAB 250Xi).
Time-of-flight secondary-ion mass spectrometry (TOF-SIMS, PHI
NanoTOFII) was measured to reveal the chemical information on
CEL

3.3. Electrochemical Measurements. To fabricate the cathode
electrode, SC-Ni92 (80 wt %), acetylene black (10 wt %), and
polyvinylidene fluoride (PVDF, 10 wt %) were mixed in N-methyl-2-
pyrrolidone (NMP). The obtained slurry was cast onto the carbon-

coated aluminum foil and then dried at 120 °C in a vacuum oven for
over 12 h. The mass loading of active materials in the electrodes film
was ~2 mg cm ™’ and the cathodes were assessed by coin-type
(CR2032) cells with metal Li in half-cells or graphite in full cells as
anodes, Celgard 2400 polypropylene (PP) membrane as the
separator, and 1.0 M LiPF, dissolved in a 1:1:1 volume ratio of
ethylene carbonate: ethyl methyl carbonate: dimethyl carbonate with
a 5% vinylene carbonate additive as the electrolyte. The galvanostatic
electrochemical tests, galvanostatic intermittent titration technique
(GITT), and floating charge tests were performed on the NEWARE
battery test system (CT-4008T-S V10 mA-164). Regarding the
floating charge, the cells were charged to 4.4 V at a current density of
100 mA g~' (at temperatures of 45 or 60 °C), and then held at 4.4 V
for 120 h to measure the leakage currents. The electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were
carried out on an electrochemical workstation (Solartron Analytical
1470E).

3.4. Computer Details. All density functional calculations were
performed with the projector-augmented wave (PAW) method and
Perdew—Burke—Ernzerhof (PBE) exchange correlation potential by
Vienna ab initio simulation package (VASP).*°~>° The plane-wave
energy cutoff was set as 520 eV, and the criterion for electronic energy
convergence was set to 10™° eV, respectively. y-centered Monkhorst—
Pack k-point grid sampling was used for the Brillouin zone with a
density of at least 1000/(the number of atoms per cell) in all
geometry relaxation and self-consistent calculations. Geometries were
relaxed until the forces on the atoms were less than 0.02 eV/A. To
account for the strong correlation of transition metal d-electrons, the
PBE + U method was used in the calculations to correctly characterize
the localization properties,”®"” with the Hubbard U parameters for
Ni, Co, Mn was set as 6.2, 3.3, and 3.9 eV, respectively.sg’59 Spin-
polarization was considered in all calculations with the initial magnetic
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orders of TMs set to ferromagnetic. The migration barriers of Li-ion
were calculated using the method of climbing image nudged elastic
band (CI-NEB),”” and the pathways were optimized until the
maximum force was less than 0.03 eV/A. To examine the influences of
Zr and Al doping toward the thermodynamic stability of lattice
oxygen and Li-ion diffusion barriers, we built supercells containing 32
LiMO, formula. For pristine NCM, the chemical formula is
Li;;NigCo,MnOg,, and for the half-lithiated state is
Li;¢NiyCo,MnOyg,. Ni would be replaced by Al and Zr to estimate
the model of Al and Zr near-surface doping, respectively. The oxygen
vacancy formation energy is defined as

) 6 )
Vo = E(LiM,0, ;) + EE(oz) - E(Li,M,0,) 1)

where E(LixMyOZ_(;) and E(LixMyOz) are the internal energies of the
supercell with oxygen vacancy and without oxygen vacancy,
respectively. (O,) is the internal energy of oxygen. A —1.36 eV
energy correction for the O, molecule was obtained to correct self-
interaction errors within GGA calculations.*®
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