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Ni-rich LiNip gMng 1Cog.102 (NCM) cathodes in layered oxide cathodes are attractive for high-energy lithium-ion
batteries but suffer from rapid capacity fade and thermal instability at high charge voltages. In this study, we
propose an entropy-assisted multi-element doping strategy to mitigate these issues. Specifically, two routes are
designed and compared: bulk-like localized high-entropy doping (BHE-NCM) and surface-distributed high-en-
tropy-zone doping (SHE-NCM). The surface entropy-doped NCM cathode delivers enhanced electrochemical
performance, including higher capacity retention under 4.5 V cycling and superior rate capability, compared to
both bulk-like and pristine counterparts. Comprehensive material characterization reveals that surface-localized
doping stabilizes the layered structure with reduced microcrack formation and creates a uniform dopant-rich
surface region with improved thermal and electrochemical stability. Overall, entropy-assisted doping at the
near surface zone effectively alleviates structural degradation and interface reactions in Ni-rich NCM, enabling
improved cycling performance at high voltage. This work highlights the significance of surface entropy engi-

neering as a promising strategy for designing high-voltage cathodes with improved safety and longevity.

1. Introduction

Lithium-ion batteries (LIBs) are essential for applications ranging
from consumer electronics to electric vehicles, owing to their high en-
ergy density and long cycle life. Ni-rich LiNip gMng 1C00.102 (NCM811)
cathodes are promising for next-generation LIBs due to their high ca-
pacity and reduced cobalt content, driven by the multiple redox states of
Ni.! However, this increased nickel content also introduces vulnerabil-
ities, including Li/Ni cation mixing due to similar ionic radii, phase
transitions during cycling, and lattice oxygen loss, particularly during
the H2-H3 transformation.” Traditional stabilization mechanisms,
including surface coating®* and extrinsic ion doping,>° while effective
in low-nickel NCM (e.g., NCM111) or medium-nickel NCM (e.g.,
NCM523) cathodes at standard voltage, prove inadequate for nickel-rich
NCM (Ni > 80%) cathodes at higher voltage due to the oxygen
evolution-induced structural degradation. This underscores the need for

* Corresponding author.
E-mail address: zongping.shao@curtin.edu.au (Z. Shao).

innovative approaches to enhance the performance and stability of
high-voltage NCM cathodes.

High-entropy design is a recent and innovative approach to cathode
material modification. This strategy leverages the unique characteristics
of high-entropy materials, traditionally utilized in catalytic systems for
their superior stability and catalytic activity.” High-entropy materials
possess beneficial attributes, including enhanced mechanical robust-
ness, excellent corrosion resistance, adjustable functional properties,
and superior thermal stability, all critical for improved cathode perfor-
mance.® For instance, Fu et al.” employed configurational entropy and
ion-diffusion structural tuning to modify sodium layered oxide cathodes,
NaMN02 (Nao,62Mn0_67Ni0,23Cuo.05Mg0_09,zyTiyOZ), achieving notable
enhancements in electrochemical performance and stability by miti-
gating structural distortion and cationic rearrangement caused by irre-
versible phase transitions. Similarly, Zhang et al.'’ developed a
high-entropy doped, high-nickel, cobalt-free layered oxide cathode
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(LiNip gMng 13Ti0.02Mg0.02Nbg.01M0¢.0202), demonstrating outstanding
thermal and cycling stability. The cathode exhibited nearly zero volu-
metric change during cycling, effectively minimizing lattice defects and
local strain-induced cracking. In-situ heating experiments further vali-
dated its enhanced thermal stability, comparable to that of the
ultra-stable NMC-532 material.

A similar layered oxide material, LiCoO,, with high-entropy modi-
fication was reported by Tan et al.'’ By co-doping with Mg, Al, Eu, Co,
and Li, this material achieved enhanced structural integrity and elec-
trochemical stability. The improvement stems from the formation of a
high-entropy near-surface zone, featuring a disordered rock-salt shell
and dopant-segregated surface, which effectively suppresses oxygen
release and structural degradation. Moreover, the reversibility between
the O3 and H1-3 phases and the cathode's thermal stability were
significantly enhanced under a 4.6 V cut-off. This addresses a major
challenge for all layered oxide materials (including NCM811), where
higher charge voltages increase energy density of batteries but accel-
erate cathode degradation. In a related study, Zhao et al.'? introduced
ultra-high-Ni NCM9055 cathodes with epitaxial high-entropy surface
coatings composed of Ni, Co, Mn, Nb, Zr, and W. Their entropy-assisted
coating, formed through oriented attachment reactions between
Wadsley-Roth oxides and layered NCM, offered superior resistance to
cracking and corrosion along with enhanced ion transport. The coated
cathodes exhibited improved fast-charging behavior, thermal stability,
and durability across wide temperature ranges.

In this study, we propose a high-entropy doping approach utilizing
Ce, La, Zr, and Al (CLZA) dopants to engineer a structurally robust and
compositionally complex surface on high-nickel NCM cathode particles.
This method leverages the intrinsic self-segregation behavior of these
dopants, significantly enhancing the structural integrity and electro-
chemical stability of the cathode, particularly at high operating voltages.
The selected high-entropy dopants each uniquely contribute to cathode
stability. Zirconium doping facilitates lattice stabilization and alleviates
the degree of cation mixing through robust Zr-O bonding interactions,
benefiting from its similar ionic radius to lithium, i.e., LiT (0.76 10\) and
Zr'*t (0.72 A).121° Although electrochemically inactive, rare-earth ions
Ce®*" and La®* occupy lithium lattice sites and strengthen neighbouring
oxygen ions through robust ionic interactions, which effectively sup-
press oxygen oxidation and release, as demonstrated in experimental
and theoretical studies.'>'® Compared to Li, the larger ionic radii of
ce®* (1.01 A) and La®* (1.03 A) ions contribute to lattice stabilization
by inducing lattice strain relaxation, thereby reducing the formation of
lattice defects and cracks during cycling. Additionally, substituting Al at
transition metal sites facilitates the formation of stronger Al-O bonds
compared to typical transition metal-oxygen bonds, enhancing thermal
and structural stability by mitigating lattice distortion and volume
changes during cycling.!!-20-2*

To study how the compositional architecture of high-entropy doping
influences structural evolution and electrochemical performance, two
entropy-driven doping strategies were explored in this work, namely,
bulk-like localized high-entropy doping (BHE-NCM) and surface-
distributed high-entropy-zone doping (SHE-NCM). The BHE-NCM
adopts a simultaneous high-temperature co-doping upon lithiation,
whereas the SHE-NCM is designed with a stepwise and temperature-
mediated doping strategy, a proven technique to spatially control the
radial distribution of individual dopants based on their ionic radii and
functional roles.'>'%232% Structural stabilizers AI®* and Zr*" are
introduced at higher temperatures after lithiation to enable moderate
lattice incorporation near the particle surface, while larger rare-earth
dopants Ce®" and La®" are applied via medium-temperature post--
annealing to confine them to the outermost surface region and avoid the
excessive bulk disorder. As a result, the engineered surface entropy zone
facilitates reduced Ni/Li cation mix, suppressed oxygen evolution,
minimized impedance growth, and eventually improves the electro-
chemical stability of the Ni-rich cathode under high-voltage operation.
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2. Experimental methods

The synthesis of the NCM811 precursor is derived from earlier
work.%®

2.1. Preparation of bulk-like localized high-entropy doping

To achieve bulk-like localization of dopants, the NCM precursor was
wet-mixed with 2 mol% of AI(NOs3)3-9H30 (99.99%), ZrO(NO3)s
(99.99%), Ce(NO3)2:6H20 (99.99%), La(NO3)3-6H20 (99.99%) using
water and stirred at 700 rpm overnight. The resulting mixture was
transferred into a Teflon-lined autoclave and subjected to hydrothermal
treatment at 180 °C for 8 h. After cooling, the solid product was
collected via centrifugation and dried under vacuum at 80 °C. Lithiation
was then performed by mixing the modified NCM precursor with 10%
LiOH-H20 (99.95%, Sigma-Aldrich). A two-step calcination process was
employed under flowing pure oxygen (50 mL min~'): the first stage at
480 °C for 5 h facilitated the removal of residual organics and initial
oxide formation; the second stage at 750 °C for 12 h promoted crystal-
lization, enabling the development of uniform, localized and well-
crystallized BHE-NCM particles.

2.2. Preparation of surface-doped NCM

The NCM precursor is directly lithiated with 10% LiOH-H20
(99.95%, Sigma-Aldrich) and undergoes the two-stage calcination pro-
cess under the same conditions aforementioned. The obtained NCM
cathode is wet-mixed with 2 mol% of AlI(NO3)3-9H20 and ZrO(NOs)s
using isopropanol and stirred at 700 rpm overnight. The mixed solution
is transferred to Teflon lined autoclave and heated to 180 °C for sol-
vothermal treatment for 8 h. After drying, the sample is annealed at
700 °C for 3 h. This is followed by solvothermal treatment with 2 mol%
of Ce(NO3),-6H20 and La(NO3)3-6H,0 at 160 °C for 8 h, and a second
stage annealing performed at 500 °C for 3 h to obtain the final SHE-NCM
particles.

2.3. Material characterization

The morphology of both as-synthesized cathodes and their post-
cycled counterparts was directly visualized using a dual-beam focused
ion beam scanning electron microscope (FIB-SEM, ZEISS NEON 40EsB).
Additionally, X-ray diffraction (XRD) was employed to examine the
crystal structure and compositional information of the catholyte inter-
layer before and after cycling. This analysis utilized a Bragg-Brentano
geometry X-ray Diffractometer (Bruker D8A) with a copper X-ray
source. The crystal structures of doped BHE-NCM and SHE-NCM were
further analyzed using a transmission electron microscope (TEM, FEI
Talos FS200X G2) equipped with a field emission gun (FEG). Interplanar
spacings were measured using ImageJ software and cross-validated with
X-ray diffraction (XRD) data. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) integrated with
energy-dispersive X-ray spectroscopy (EDS) was used to map the
elemental distribution at the edges of the NCM particles.

X-ray photoelectron spectroscopy (XPS) was utilized to analyze the
chemical composition of the cathode electrode interlayer after galva-
nostatic cycling. The analysis was conducted using a Kratos Axis Ultra
XPS instrument, with a hybrid lens and a monochromatic Al Ka
(1486.6 eV) radiation source, operating at gun power of 150 W (15 kV,
10 mA). Two pass energies were selected: 160 eV for full (wide) spectra
and 40 eV for high-resolution spectra. Depth profiling was performed
using a 5 kV monoatomic Ar" ion source for the as-synthesized doped
NCM (pressed into pellets for Ar* etching, with 10 etching cycles, 6 min
each), and a 10 kV gas cluster ion source with cluster size of Ardgg for the
cathode-electrolyte interphase (CEI) after electrochemical charge/
discharge (5 etching cycles, 30 s each). The raw XPS spectra were
analyzed using CasaXPS software, mathematically corrected and fitted
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using Shirley background subtraction and calibrated to the C—C/C—H
peak (284.8 eV) arising from adventitious carbon contamination. Time-
of-flight secondary-ion mass spectrometry (TOF-SIMS) analysis was
performed using IONTOF M6 ToF-SIMS with Bit and Bij ion source to
study the spatial distribution of the post-cycled NCM cathode. X-ray
absorption spectroscopy (XAS) experiments, including both X-ray ab-
sorption near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS), were performed in fluorescence mode at the
Tender X-ray bending-magnet beamline TPS 32A (Tender X-ray ab-
sorption spectroscopy beamline) (1.7-10 keV) of the Taiwan Photon
Source, National Synchrotron Radiation Research Center. A fly-scan
acquisition scheme enabled the collection of complete XAFS spectra
spanning >800 eV in under 15 s. For nickel analysis, Ni K-edge
(8333 eV) XANES/EXAFS spectra were recorded with an energy reso-
lution of ~0.40 eV, affording precise insight into the oxidation state and
local coordination environment of Ni sites.

Simultaneous weight change (TGA) and true differential heat flow
(DSC) data were recorded and analyzed using TA Instruments SDT
Q600. Samples weighing less than 20 mg were heated in alumina cru-
cibles from room temperature to 700 °C at a rate of 10 °C min~! under a
continuous nitrogen flow. Pfeiffer Prisma QMS 200 was employed to
assess lattice oxygen release from charged NCM cathodes. The batteries
were first electrochemically delithiated by charging to 4.5 V (vs. Li/Li")
at 1C for 1 h, following a constant current-constant voltage (CC-CV)
procedure. After reaching 80%-90% state-of-charge, the cathodes were
retrieved, rinsed thoroughly with dimethyl carbonate (DMC) to remove
residual electrolyte, and dried under an inert atmosphere. The dried
cathode films were then introduced into the mass spectrometer (MS-
Prisma QMS 200), and the mass charge ratio of oxygen (m/z = 32) was
analyzed under a helium atmosphere from room temperature to 700 °C.

The ionization efficiency correction of Prisma QMS and Faraday's
Law is used to derive the normalized gas release rate n (pmol min~!
gcam), to quantitatively analyze the different extent of oxygen evolu-
tion in delithiated NCM cathodes,26 as shown in Equation (1) below:

1
- _ 1
" <q"7'NA'mCAM) )

Where I is the ion current (A). q is the elementary charge (1.6 x 1079¢
or 1.6 x 107!° A's). 5 is the ionization efficiency correction (0.001). Ny
is Avogadro's number (6.022 x 1022 mol ™). mcau is the mass of cathode
active material in mg.

2.4. Electrochemical characterization

The staircase potentiostatic electrochemical impedance spectroscopy
(SPEIS) during cycling was determined electrochemically using a
potentiostat BioLogic VSP and EC-lab in a Li-NCM half-cell. EIS mea-
surements (100 mHz-200 kHz) were conducted at key voltage points (e.
g., phase transition points) during 0.2C charge/discharge cycles. Step-
wise cyclic voltammetry (CV) was performed at scanning rates of 0.1,
0.2, 0.3, 0.4, 0.5, 1.0, 2.0 and 3.0 mV s~ to validate the improved
electrochemical stability of SHE-NCM. To assess the battery perfor-
mance of the full cells, a LANHE battery test system was employed to
conduct galvanostatic charge and discharge at a cut-off voltage of 4.3
and 4.5 V under a constant current density of 1C, which was calculated
using the theoretical capacity of stoichiometric NCM811, i.e., 275.6
mAh gL

The Randles-Sevcik equation is used to evaluate the lithium
diffusion coefficient D, as shown in Equation (2) below:

27,28

I,=2.69 x 10° n*/?AD"*Cv'? @)

Where I, is the current maximum in amperes (A). n is the number of
electrons transferred in the redox event. A is the electrode area in cm?. D
is the diffusion coefficient in cm?s~!. C is the concentration in mol cm 2.

v is the scan rate in Vs 1.
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3. Results and discussion
3.1. Design principle and structure analysis of HE-NCM

High-entropy doping's structural impact was assessed via particle
morphology and crystal structure characterization. The crystal struc-
tural differences between BHE-NCM and SHE-NCM were first evaluated
through XRD analysis. Both doped samples maintained the character-
istic layered hexagonal a-NaFeO, structure (space group R-3m),>%%°
with no significant peak shifts compared to pristine NCM811, indicating
the preservation of the primary crystal framework. However, Fig. la
shows additional diffraction peaks at 28.7° in BHE-NCM, which are
indicative of secondary perovskite phases such as CeNiOg,>® La4NiOg,!
and LaCoMnOg.%? These impurity phases are likely a result of phase
segregation due to the larger ionic radii of La®>* and Ce®** when incor-
porated into the bulk lattice of primary particles, leading to structural
distortions and instability. In contrast, SHE-NCM samples effectively
suppressed these impurity peaks, suggesting that surface-confined
doping allows for more controlled incorporation of dopants without
disrupting the core lattice structure.

Rietveld refinement (Fig. 1b, ¢ and Table S1) further highlighted the
structural advantages of SHE-NCM. The SHE-NCM exhibited a lower
weighted profile R-factor (Ry,p) of 6.16 and a higher intensity ratio of the
planes (003) and (104) (1(003)/1(104) = 2.21). A higher 1(003)/1(104)
ratio is associated with reduced cation mixing, particularly between Li"™
and Ni%" jons, which is crucial for maintaining the layered structure and
ensuring efficient lithium-ion diffusion. In contrast, BHE-NCM showed
poorer refinement metrics, with a much higher Ry, and a lower 1(003)/1
(104) ratio, indicating increased cation disorder and lattice strain due to
heterogeneous dopant distribution.

Further analysis of single-doped samples revealed that NCM-Zr and
NCM-Al maintained high phase purity without the presence of non-
layered oxide phases, as evidenced by the absence of additional peaks
in their XRD patterns. Conversely, NCM-La and NCM-Ce samples
exhibited pronounced peaks at 28.7° (similar to those in BHE-NCM),
corresponding to perovskite-type impurity phases. These peaks were
much more prominent in BHE-NCM samples than in SHE-NCM, consis-
tent with the refined XRD metrics, where the inferior structural integrity
can be explained by lattice strain and defect formation associated with
phase impurities.

High-resolution TEM imaging, combined with SEM (Fig. S1) and EDS
mapping (Fig. 1d-m), reveals critical differences in dopant distribution
and structural uniformity between the two designs. In BHE-NCM, dop-
ants are integrated throughout the particle bulk during high-
temperature calcination, leading to non-uniform elemental dispersion.
Elemental mapping confirms irregular dopant localization, consistent
with lattice strain observed via elongated (003) planes in HRTEM
(Fig. 1e and f). This elongation is a structural fingerprint often associated
with lattice distortion due to cation size mismatch and dopant-induced
stress.>® These localized distortions could be associated with the emer-
gence of secondary perovskite-type peaks at 28.7° (111) in the XRD
pattern, particularly in La- and Ce-rich samples, consistent with previous
findings on perovskite segregation in Ni-rich layered oxides.>’ On the
contrary, SHE-NCM exhibits a concentrated high-entropy dopant zone
confined to the surface, with minimal penetration into the bulk. This
design preserves the structural integrity of the core while limiting
perovskite phase formation to the edges of the NCM secondary particles,
as XRD analysis shows only a negligible signal of the perovskite phase,
indicating better maintenance of the crystallographic framework.

This unique distribution of SHE-NCM is confirmed by depth-resolved
XPS analysis in Fig. 2a—d, where Ce, La, Zr, and Al are concentrated at
the surface and progressively diminish with etching. Core NCM com-
ponents Ni and Li remain stable, suggesting minimal interdiffusion of
dopants into the bulk. The rare-earth dopants Ce and Zr exhibit slight
shifts in their binding energies (BE) compared to their oxide forms.>*%°
These shifts arise due to the incorporation into a high-entropy and
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Fig. 1. (a) XRD pattern of BHE-, SHE-, Zr-, Al-, La-, and Al-doped NCM. XRD Rietveld refinement of (b) SHE-NCM and (c) BHE-NCM. TEM images of (d—e) BHE-NCM
with (f) identification of elongated (003) plane (g) ranging from 4.79 A to 4.85 A and (h-j) SHE-NCM with (k) Fast Fourier transform (FFT) of (003)/(111)
intersection. STEM-EDS elemental mapping of the different architectures of (1) BHE-NCM and (m) SHE-NCM.

multi-cation oxide lattice different from pure oxide phases, forming
local structures such as LiCeNiOs, LiLaCoMnOg, etc. In particular, the BE
observed in the Ce 3d spectrum is slightly lower (~0.4 eV) than typical
values for CeO; (~882.0 and 888.0 eV for the Ce 3ds/, multiplet). This
downward shift suggests that Ce is not in the standard Fluorite structure
of CeO2, where it is 8-fold coordinated with oxygen, but rather in a
distorted octahedral environment within the LINCM lattice, likely in the
form of LiCeNiOs. Such structural changes are expected to alter Ce-O
bond lengths and increase mixed-metal interactions (especially with
Ni) and electron density, leading to a lower BE on the XPS spectra.
Characteristics of La 3d also show a small difference relative to pure
phase LapOs, where the BE gap of La 3ds,2 and 3ds/2 doublet is typically
at 4.3 eV. The slightly smaller 4.2 eV gap can be explained by LiLa-
CoMnOg-type configurations, as La is still bonded with oxygen but likely
also surrounded by transition metals like Co and Mn. The shared oxygen
coordination with other electronegative transition metals typically
would alter the electron distribution and slightly increase the local
electron density. In addition, the XANES spectra show that the Ni K-edge
positions for SHE-NCM are nearly identical to those of the pristine
P-NCM, indicating that the average Ni oxidation state in the bulk re-
mains unchanged in SHE-NCM. The EXAFS spectra reveal that SHE-NCM
maintains well-defined Ni-O and Ni-Ni coordination peaks similar to
P-NCM, suggesting minimal disruption to the local bulk structure
(Fig. S2). These findings provide strong evidence that the transition
metal oxidation states and coordination environment within SHE-NCM's
bulk are preserved, further confirming that the dopants in SHE-NCM are
predominantly confined to the surface.

The Ni 2p XPS spectra of SHE-NCM reveal distinct features attributed
to Ni%* (854.6 eV) and Ni®* (856.2 eV) oxidation states, with a distri-
bution of Ni** (64.6%) and Ni?* (35.4%) indicating a predominant
presence of Ni in the higher oxidation state within the SHE-NCM surface

structure (Fig. S3), largely influenced by the spatial localization of Zr
dopants.® The higher ratio of Ni** is particularly important for main-
taining the layered structure and preventing the transition to disordered
phases during cycling. In the XPS depth profile, Zr 3d peaks (promi-
nently around 181.8 eV, indicative of Zr*") were etched away much
slowly than the rare earth element, which confirms the substitution of Zr
into the transition metal (TM) sites or interstitial sites within the NCM
lattice. The stable state Zr** and Al** are expected to reduce Li*/NiZ*
mixing by segregating Ni and Li into their respective layers, owing to the
similar ionic radius of Zr** (0.72 A) to Li* (0.76 A), and AI** (0.53 A) to
Ni2* (0.55 A), respectively. This is evident in Fig. 2a—c, where Ni®*
dominance in the Ni 2p and Ni 3p spectra is preserved during deeper
etching cycles, suggesting better ordering of Ni and Li in separate planes.
This stabilization effect limits the formation of rock-salt phases during
cycling, which are commonly associated with the electrochemical
degradation of NCM811 at high voltages.>>’

3.2. Analysis of thermal stability and lattice oxygen evolution

The thermal analysis of delithiated NCM samples (shown in
Fig. 2e-g) reveals a cascade of exothermic phase transitions that signify
critical structural changes: the layered-to-spinel and spinel-to-rock-salt
transitions. For Pristine NCM, the layered-to-spinel shift appears to
occur at 234.1 °C, while in BHE-NCM, this transition is observed at a
slightly lower temperature of 221.4 °C, attributed to plane elongation
and phase segregation (Fig. le and f) that promote structural rear-
rangement. In contrast, SHE-NCM exhibits a delayed transition at
258.7 °C, reflecting a noteworthy increase compared to BHE-NCM and
P-NCM by 37.3 °C and 24.6 °C, respectively. This enhanced thermal
resistance is linked to entropy stabilization within its surface-layered
high-entropy zone, which effectively suppresses spinel phase
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Fig. 2. XPS depth profiling of SHE-NCM, showing surface-to-sub-surface composition changes: (a) Ce 3d, Ni 2p, and La 3d spectra; (b) Zr 3d spectra; (c) Al 2p, Ni 2p,
and Li 1s spectra; and (d) schematic illustration of Ar ion monoatomic sputtering depth profiling. (e) Specific capacity-voltage profile of battery charged up to 4.5V
for the de-lithiation induced lattice 02~ release. (f) Determination of temperature and rate of lattice oxygen release through TG-MS profile. (g) Determination of

phase change temperature through TGA-DSC profile.

formation directly related to capacity degradation.*®

It is important to recognize that the onset temperature determined
from TGA-DSC analysis in Fig. 2g is not an absolute point of phase
change but rather a useful indicator of when significant thermal
degradation and phase transitions begin. While the layered-to-spinel
transformation is partially reversible, the subsequent spinel-to-rock-
salt phase change represents a permanent structural collapse that
severely impedes lithium diffusion and long-term electrochemical per-
formance.>® For P-NCM, this critical transformation is observed at
319.5 °C, marking the onset of oxygen release and lattice breakdown. In
BHE-NCM, this transition is delayed to 342.1 °C due to distributed
dopant-induced strain relief and partial stabilization of the oxygen
framework. However, SHE-NCM exhibits a notably higher onset tem-
perature of 362.2 °C, indicating the most pronounced improvement in
thermal robustness.

This superior behavior stems from the synergistic effects of multi-
element entropy-assisted doping localized at the surface. The differen-
tial scanning calorimetry (DSC) curve of SHE-NCM reveals a smaller and
broader exothermic peak compared to P-NCM, indicating a more

gradual and less violent spinel-to-rock-salt transition. This behavior
reflects the stabilizing influence of the entropy-rich surface layer, in
which the dopants contribute to bond strengthening, defect suppression,
and oxygen vacancy resistance. Specifically, Ce and La ions can form
thermally stable oxide phases that buffer lattice oxygen loss through
multivalent redox activity, while Zr** enhances Ni-O bond strength and
inhibits cation migration.'®*® Recent studies have shown that
entropy-assisted surface phases can "pre-stabilize" the rocksalt or spinel
framework, thereby moderating thermal transitions by reducing oxygen
release kinetics and bond dissociation rates.*’

As a result, the SHE-NCM cathode transitions more benignly, pre-
venting the sharp exothermic events that typically accompany oxygen
evolution in pristine NCMs. The exothermic peak shifts to higher tem-
peratures, confirming that entropy-driven surface doping mitigates lat-
tice collapse during thermal stress and enhances thermal safety under
abuse conditions.

Mitigating the formation of the rock-salt phase and the associated
oxygen evolution is crucial for ensuring the safety and extending the
lifespan of Ni-rich lithium batteries. The enhanced thermal stability of
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SHE-NCM can be further demonstrated through TGA-MS analysis, which stronger M-O bonds (e.g., Zr-O ~766 + 11 kJ mol™! vs. Ni-O

measures the rate of lattice oxygen release from the delithiated cathode ~366 + 30 kJ mol™! *142) The high-entropy surface enhances the
film. Fig. 2f shows that pristine NCM exhibits a maximum oxygen release resistance to oxygen vacancy formation by introducing disorder, which
at 287.3 °C with a peak rate of 83.5 pmol min~" gcay . Comparatively, increases the oxygen vacancy formation energy. This thermodynamic
BHE-NCM exhibits a similar onset at 289.5 °C with a rate of barrier to lattice oxygen loss stabilizes the structure at elevated tem-
84.1 pmol min~! gcam ', but SHE-NCM significantly delays oxygen peratures and under delithiation stress, thereby suppressing Lit/Ni%*
evolution to 302.4 °C and reduces the maximum release rate to cation disorder. XPS depth profiling of Zr 3d in Fig. 2b confirms the
79.3 pmol min~! gcan L. This shift reflects the suppression of oxygen stable incorporation of Zr, with notable Zr 3d signals persisting even
vacancies and delayed phase transitions enabled by the strong metal- after deep etching cycles, reflecting its role in enhanced lattice cohesion
oxygen bonds introduced, linked to increased lattice energy and under thermal stress.
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Fig. 3. (a) Experimental and fitted Nyquist plot using equivalent circuit model of the battery structure with distinct regions: bulk R;, solid electrolyte interface Rgg;
and charge transfer R.. (b) Voltage-dependent phase regions highlighting SEI formation and deformation across different voltage ranges 3.0 V-4.5 V. (c) EIS
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discharge profiles at 1C with a cutoff voltage of 4.3 V for (d) P-NCM, (e) BHE-NCM, and (f) SHE-NCM, and at a cutoff voltage of 4.5 V for (g) P-NCM, (h) BHE-NCM,
and (i) SHE-NCM.
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3.3. Structure induced improvement on electrochemical performance

The structural enhancement of entropy-driven NCM is also assessed
through a range of electrochemical characterizations. The electro-
chemical stability of entropy-driven NCM was first evaluated using
SPEIS. The Nyquist plots (Fig. 3a) display the fitted equivalent circuit
model, which consists of bulk resistance (Ry), solid electrolyte interface
resistance (Rsgp), and charge transfer resistance (R), each correspond-
ing to specific electrochemical processes. The voltage-dependent phase
regions (Fig. 3b) are used to highlight the dynamics of lithium diffusion
during cycling. SHE-NCM, with the surface-entropy engineered zone,
demonstrates a prominent reduction in Rgg; compared to both BHE-NCM
and P-NCM. It was widely discussed that a reduced SEI impedance al-
lows for faster Li-ion transport across the interface, minimizing polari-
zation and voltage drops during electrochemical cycling, thus enabling
faster charge and discharge cycles.*>*° This can be attributed to the rare
earth dopants Ce and La confined on the surface, providing chemical
buffering and interfacial passivation through the formation of stable
surface oxides, which mitigate oxygen evolution and side reactions at
elevated voltages. Lower SEI resistance directly enhances rate perfor-
mance (Fig. 4a—c). SHE-NCM exhibits superior capacity retention and
voltage stability compared to P-NCM and BHE-NCM, especially at higher
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Fig. 4. Half-cell rate performance at 0.1C, 0.2C, 0.5C, 1.0C, 2.0C, 5.0C with
cut-off voltage of (a) 4.3 V and (c) 4.5 V. Half-cell cycling performance with cut-
off voltage of (b) 4.3 V and (d) 4.5 V. (e) Evaluation of reversibility of half-cell
performance via cyclic voltammetry with current dependence on scan rate in (f)
P-NCM, (g) BHE-NCM, and (h) SHE-NCM.
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current densities, retaining 75% and 70% of its capacity at a 5C rate
when cycled up to 4.3 V and 4.5 V, respectively. The rate capability of
SHE-NCM showcases its robust ion transfer and minimal degradation
under high current densities. Furthermore, SHE-NCM demonstrates
stable recovery upon returning to 0.1C after high-rate testing at a higher
voltage cutoff (2.8-4.5 V), indicating that the entropy-modified surface
remains intact under extreme electrochemical stress without significant
micro-cracking.*®

This improved interface stability minimizes electrolyte decomposi-
tion during high-voltage charging, effectively preserving the electrolyte-
electrode contact and enhancing lithium-ion conductivity. Such
behavior is particularly crucial during the transition to 4.3 V and 4.5V,
where high-voltage stress typically induces SEI thickening and surface
degradation. This improved high-voltage stability is also evident from
the cycling performance of SHE-NCM, with more stable voltage plateaus
and higher capacity delivery when charged and discharged at different
cut-off voltages (Fig. 3d-i and Tables S2 and S3).

In contrast, BHE-NCM exhibits impedance characteristics that are
relatively unstable compared to SHE-NCM, similar to those of pristine
NCM, with Nyquist plots showing larger x-axis intercepts at elevated
voltages, reflecting increased charge transfer resistance (R.) during
high-voltage charging. While the localized doping may introduce some
extent of structure enforcement, it also introduces localized strain and
phase segregation, accelerating interfacial degradation during cycling.
Specifically, rare-earth dopants La and Ce contribute to lattice distortion
and elongated planes, potentially exacerbating impedance growth over
extended cycling. This is consistent with the result of thermal analyses,
showing that high-entropy doping in localized bulk-like structure led to
premature phase transitions and elevated oxygen evolution. This insta-
bility, particularly evident during charging beyond 4.1 V, points to poor
electrochemical interface integrity caused by Ni/Li cation mixing and
SEI degradation, promoting phase transitions into spinel and rock-salt
structures. Post-cycling SEM images in Fig. 5a-c further reveal
different degrees of microcrack formation and surface roughening upon
delithiation of BHE-NCM and SHE-NCM. These structural and interfacial
instabilities render BHE-NCM more vulnerable to capacity fade and
electrolyte decomposition during high-voltage cycling, whereas the
ability of SHE-NCM to sustain a low R through both the charging and
discharging sequence is indicative of a more resilient electrochemical
interface that resists cracking and maintains lithium diffusion pathways.
Further interpretation of the impedance behavior of these systems is
beyond the scope of this paper.

The CV profile of SHE-NCM reveals significant improvement in redox
behavior and phase transition dynamics, particularly during high-
voltage cycling. The multi-step phase transitions of Ni-rich NCM cath-
odes, denoted as H1-M-H2-H3, are critical in dictating both the revers-
ibility and stability of the cathode material. Especially, the H2-H3
transition was widely accepted as the onset of spinel-like and rock salt
formation and considered the most irreversible.>®>%*® As observed in
Fig. 4e, SHE-NCM demonstrates significantly flattened redox peaks
corresponding to the undesirable and irreversible M-H2 (from layered to
distorted layered) and H2-H3 transitions. This phenomenon suggests a
more uniform and controlled redox behavior within the system, poten-
tially attributed to improved electrode-electrolyte interaction and
enhanced charge transfer kinetics, as evidenced by SPEIS showing that
SHE-NCM consistently achieves the lowest charge-transfer resistance
(R¢p) during high-voltage cycling. This not only implies enhanced ion
diffusion but also reflects a more robust surface structure that effectively
minimizes irreversible phase transformations. The effect stems from
surface segregation of large-radius rare-earth dopants (e.g., La and Ce)
forming stable oxides, which passivate the interface and buffer lattice
oxygen loss via their multivalent redox characteristics. The smooth
current response observed between 4.3 V and 4.5 V in SHE-NCM further
suggests mitigated lattice oxygen oxidation, consistent with TGA-MS
data demonstrating significantly delayed and reduced oxygen evolu-
tion compared to its counterparts. The entropic stabilization provided by
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Fig. 5. Post-cycling characterization of BHE-NCM and SHE-NCM. (a) Cross-sectional SEM images of BHE-NCM and SHE-NCM electrodes after cycling with differ-
ences in surface morphology and crack formation. (b) Cross-sectional EDS mapping showing elemental distributions. (c) Top-view SEM images revealing secondary
particle-level macro- and micro-cracks. (d) Surface XPS analysis of chemical composition changes post-cycling.

the high-entropy surface layer not only limits cation mixing but also
restricts oxygen evolution, effectively alleviating oxygen-driven lattice
expansion and cracking. A similar phenomenon was reported by several
studies, where entropy-driven surface stabilization in multi-cation ox-
ides reduces the electrochemical breakdown of the electrode-electrolyte
interface, especially at elevated voltages.' 1%

Furthermore, unlike P-NCM and BHE-NCM, which suffer from pro-
nounced polarization at high scan rates, SHE-NCM maintains more
symmetric redox peaks (Fig. 4f~h). SHE-NCM reported a better reaction
kinetics with a smaller voltage hysteresis (AEp) of 0.17 V compared to
pristine NCM (0.45 V), when scanned at different scanning rates. This
high voltage gap between forward and reverse scans of P-NCM is
indicative of relatively severe electrode polarization and sluggish phase
reversibility when a higher voltage change is applied. This is reflective of
significant lattice distortion and irreversible phase transitions triggered
by the oxidation of lattice oxygen, especially as the voltage approaches
4.5 v.%%% BHE-NCM, though slightly improved over P-NCM, still shows
notable polarization effects (0.38 V) and peak broadening during
cycling. This could be attributed to internal strain and phase segrega-
tion, as highlighted in its crystal structure, where the formation of
perovskite secondary phases was observed from XRD and TEM. These
features suggest that bulk-like localization introduces heterogeneity that
partially mitigates but does not eliminate irreversible phase transitions.

Electrochemical cycling performance of SHE-NCM is also consistent
with the improved electrode material reversibility. As shown in Fig. 4b-d,
SHE-NCM maintains high initial coulombic efficiency (ICE = 87.1% at
4.3 V; 86.5% at 4.5 V) and excellent capacity retention over 50 cycles,
outperforming BHE-NCM and pristine NCM under both cutoff conditions,
and reflecting a stabilized electrochemical interface that resists degra-
dation under both cycling fatigue and oxidative stress. The electro-
chemical cycling performance of single-doped NCM at a cutoff voltage of
4.5 V for single-doped NCM systems with La, Ce, Zr, and Al is also
assessed to support the synergistic effect in SHE-NCM, which offers a
more significant improvement in both capacity and cycle life (Table S4).
In addition, the diffusion coefficients for BHE- and SHE-NCM cathodes
before and after modification showed trivial differences to pristine NCM,
indicating that the high-entropy material doping does not hinder lithium
diffusion during extraction/insertion (Fig. S4 and Table S5).

3.4. Post-cycling characterization of chemo-mechanical structure

After cycling at high voltages (4.5 V), SHE-NCM and BHE-NCM
electrodes exhibit distinct differences in their mechanical and chemi-
cal structures. In Fig. 5a-c, cross-sectional SEM and EDS analyses
demonstrate that the BHE-NCM suffers from substantial degradation
with the presence of micro- and macro-cracks, indicative of mechanical
stress induced by volumetric changes during lithium insertion and
extraction processes under high voltage. This structural deterioration is
a major contributor to the increased charge-transfer resistance (R.) in
Fig. 3c. The higher R observed for BHE-NCM is characteristic of
compromised charge-transfer kinetics and interfacial instability, partly
due to the fractured surface with an increased exposure of electrode
surface, accelerating electrolyte penetration, and inconsistent SEI for-
mation. In contrast, SHE-NCM maintains smoother, intact post-cycling
morphology due to entropy-engineered surface stabilization, which
effectively suppresses phase transitions and structural collapse. The
reduced Rgg is just as critical for high-voltage cycling as it prevents
polarization buildup, ensuring that lithium ions can effectively inter-
calate and de-intercalate without the impedance of thickened SEI layers.

This is further supported by TOF-SIMS depth profiling in Fig. 6,
where SHE-NCM shows a rapid depletion of dissolved fragments of NCM
such as LiF3 and NiF3, contrary to the slower decay observed in BHE-
NCM. In addition, the intensity of LiF; and NiF3 increases sharply
during the initial sputtering before reaching a maximum, which suggests
that these dissolved species are primarily concentrated at the near-
surface region of the CEL. SHE-NCM reaches its maximum intensity
faster and with a sharper profile compared to BHE-NCM, implying a
thinner, more uniform CEI layer where the dissolution is confined to the
surface zone. This rapid removal of surface residues suggests that SHE-
NCM maintains a more resilient surface structure during high-voltage
operation, which limits the further formation of these parasitic spe-
cies.*® Furthermore, BHE-NCM exhibits a slower decay rate of CoHO™
and PO; species, representative of electrolyte and lithium conducting
salt decomposition, suggesting a richer reservoir of electrolyte decom-
position products trapped within its thicker CEI layer. 3D re-
constructions and spatial distribution maps (Fig. 6e—f) align with this
observation, revealing a thinner gradient concentration of interface
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Fig. 6. Post-cycling ToF-SIMS depth profiles of (a) LiF3, (b) NiF3, (c) C;HO, and (d) PO; for BHE-NCM and SHE-NCM. (e) Schematic illustration of surface
morphology changes after cycling. (f) 3D spatial distribution of electrolyte decomposition species and (g) corresponding surface intensity mappings.

degradation-generated species within SHE-NCM. This leads to reduced
electrolyte decomposition reactions, less active material dissolution,
with findings consistent with microscopic observations. This emphasizes
the mitigation of performance degradation when SHE-NCM is cycled
under high voltage, facilitated by its surface-entropy engineered
structure.**

Surface XPS analysis complemented TOF-SIMS data by probing
oxidation states and chemical composition of the post-reaction inter-
layer, since TOF-SIMS cannot resolve chemical bonding environments.*’
Fig. 5d shows that SHE-NCM exhibits fewer signs of electrolyte
decomposition were observed with much weaker signals corresponding
to C-O (287.2 eV), C=0 (289.1 eV) and OCO, (290.2 eV) peaks
compared to BHE-NCM. Furthermore, the F 1s spectra of SHE-NCM show
a lower portion of LiF (685.5 eV) and Li,PO,F, (686.9 eV) components as
compared to the C-F (687.9 eV) bonds, which is attributed to the PVDF
binder on the electrode surface, indicative of suppressed electrolyte
decomposition. This degradation mechanism aligns with the pro-
nounced impedance rise observed in SPEIS measurements during pro-
longed cycling. The robust Zr and Al presence in SHE-NCM is believed to
play a crucial role in enhancing the stability of the electrode-electrolyte
interface and reducing Ni redox activity at the surface, thereby miti-
gating irreversible phase transitions like H2 to H3 that are commonly
associated with structural collapse and the subsequent penetration of
electrolyte into the structure.*°

4. Conclusion

An entropy-assisted surface doping strategy was developed to sta-
bilize Ni-rich NCM cathodes under aggressive high-voltage cycling by
confining multi-element dopants within a high-entropy surface zone.
This uniform surface dopant architecture effectively mitigates interfa-
cial degradation and lattice instability, which typically accelerate during
prolonged cycling and high-voltage operation. The entropy-driven
structural modifications reduce Ni/Li disorder in the crystal lattice
and inhibit spinel or rock-salt transformations, which allowed for the
preservation of the layered structure. These improvements translate into
higher capacity retention, lower interfacial resistance, and superior

voltage stability compared to localized bulk-like counterparts. This
dopant confinement is achieved through a stepwise doping strategy
enabled by temperature-controlled synthesis, wherein multi-element
incorporation is guided by differential thermal conditions to localize
entropy at the surface. As confirmed by a series of material and elec-
trochemical characterizations before and after cycling, the dopant-
confined surface minimizes oxygen release, delays exothermic decom-
position, and maintains a robust cathode-electrolyte interface. Enabled
by a controlled synthesis route that facilitates multi-element incorpo-
ration through tailored thermal treatment, this strategy provides a
robust and scalable surface-engineering platform for the development of
next-generation high-voltage lithium-ion batteries.
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