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The rapid growth of electric vehicles and large-scale energy storage systems has intensified research on

nickel-rich lithium-ion battery cathodes, prized for their high energy density, superior electrochemical

performance, and reduced material costs. In this study, density functional theory (DFT) calculations are
integrated with machine learning (ML) techniques using DeePMD-based neural network models to
investigate the structural stability and electronic properties of Ni-rich cathode materials, including
LiNig gMng 2C0g 20, (NMC622), LiNig gMng1Cog 10, (NMCB811), and LiNig.9Cog.05sMNg 0502 (NMCO55). The
neural network models successfully reproduce DFT-calculated energies and forces with R? values

exceeding 0.9, enabling accurate prediction of thermodynamic stability across wide temperature ranges.
Increasing Ni content enhances electronic conductivity but reduces structural robustness due to
intensified Ni—O hybridization. Co-doping NMC955 with aluminum and boron improves lattice stability,
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redistributes charge, and lowers the Li-ion diffusion barrier from 0.355 eV to 0.206 eV. Thus, Al-B co-

doping achieves a favorable balance between electronic and structural performance. This integrated

DOI: 10.1039/d5ra03510d

rsc.li/rsc-advances

1. Introduction

The global demand for energy production and storage has
steadily increased in recent years. Lithium-ion batteries (LIBs)
have become indispensable to the advancement of portable
electronics, electric vehicles, and large-scale energy storage
systems."” Conventional LIBs, typically employing LiCoO,
cathodes and graphite anodes, face scalability challenges due to
the scarcity and high extraction cost of lithium.* These limita-
tions have motivated extensive research into alternative cathode
materials. Efforts have focused on enhancing energy density,
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DFT-ML framework offers an efficient pathway for the rational design of robust, high-energy Ni-rich
cathodes for next-generation lithium-ion batteries.

structural stability, and cycling performance through material
modification and compositional tuning. Representative
cathode materials include metal oxides such as MnO,,* M0O;,*
Prussian blue derivatives,® honeycomb-layered oxides like
A;Ni, TeOg (A = Na, K),” and layered transition-metal oxides.
Among them, layered NMC oxides (NMC, LiNi,Mn,C0,0,, x +y +
z = 1) have emerged as leading candidates for next-generation
LIBs. NMC materials combine the advantages of their constit-
uent elements, offering high discharge capacity, long cycle life,
and excellent thermal and rate performance.® Various compo-
sitions have been developed, including LiNi;;3Mn;,;C0o4/30,
(NMC333),° LiNigsMng 3C00,0, (NMC532),'"" LiNiyeMng ,-
C00.,0, (NMC622),"* LiNiggMn, ;C00,0, (NMC811),"**> and
more recently, LiNij ¢C0g.05MNg 950, (NMC955).**'” The cost of
NMC cathodes is largely determined by their nickel content.
Increasing Ni concentration reduces cost, since nickel precur-
sors are abundant, and enhances charge-storage capacity.
Manganese contributes to thermal stability, while cobalt
improves structural robustness.” For example, NMC622
delivers an initial discharge capacity of 190.5 mAh g~* with
a coulombic efficiency of 78.7%, retaining 74.9% of its capacity
after 100 cycles with nearly 100% coulombic efficiency.”
NMC811 achieves over 200 mAh g~ ", a specific energy exceeding
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600 Wh kg ', and excellent rate capability, supported by its high
electrical conductivity (~2.8 x 107> S em™ ') and Li" diffusion
coefficient (107% to 107° em® s7').2° NMC955 is predicted to
reach 227 mAh g’1 at a 4.3 V cutoff;*” however, it suffers from
rapid capacity fading, retaining only 87% and 81% of its initial
capacity after 100 cycles at 4.3 V and 4.5 V, respectively. This
degradation stems from structural instabilities in Ni-rich elec-
trodes, where abrupt lattice distortions generate local stress,
microcracks, and anisotropic deformations during cycling.'”****
These effects compromise mechanical integrity and shorten
cathode lifespan.>® To overcome these challenges, extensive
efforts have been devoted to improving the mechanical
strength, capacity retention, rate performance, and high-voltage
stability of Ni-rich NMCs.>**”

Doping has proven particularly effective in stabilizing such
materials.”®?° Incorporating mono- or multivalent cations
enhances the structural integrity of Ni-rich cathodes by stabi-
lizing the electrode surface, minimizing cation disorder, sup-
pressing oxygen release, and reducing interfacial stress. In
addition to high-valence dopants, small-radius cations such as
Ag', AI*Y, B¥, Ti*', Zr", and Mo®" have shown significant
benefits in improving the electrochemical performance of both
Ni-rich and Li-/Mn-rich cathodes. For example, boron doping
markedly enhances capacity retention compared with undoped
counterparts,*-*> while aluminum doping effectively mitigates
structural degradation and capacity fading.*® Specifically, AI**
ions reduce Ni oxidation-state disorder and suppress Li*/Ni**
cation mixing. Al-doped NMC cathodes exhibit excellent cycling
stability, retaining 70% of their capacity after 1000 cycles at
a high rate of 10C.** Moreover, AI** can form a protective
interfacial layer between the electrode and electrolyte, sup-
pressing cation dissolution and further enhancing long-term
stability.*>*®

To evaluate and optimize cathode stability, machine
learning (ML) has emerged as a powerful tool that complements
traditional first-principles approaches. ML models, particularly
deep neural networks, can predict energy landscapes and
atomic forces with near-DFT accuracy at a fraction of the
computational cost.*” The Deep Potential (DP) method, for
instance, preserves the symmetry and locality of atomic inter-
actions while enabling large-scale simulations of phase transi-
tions and thermal effects in complex materials.®® The
integration of ML with DFT is thus transforming battery mate-
rials research, providing predictive insights into degradation
mechanisms and accelerating the design of robust, high-energy
cathodes.

In this study, we investigated the structural stability of Ni-
rich NMC cathodes at elevated temperatures to identify the
most stable composition among NMC622, NMC811, and
NMC955. A machine learning framework was developed to
compare DFT-calculated properties with ML-predicted values
using deep neural networks trained on DFT-derived energies
and atomic forces. Our results indicate that NMC955 exhibits
the highest intrinsic structural stability. To further enhance its
performance, we explored co-doping strategies with aluminum
(Al) and boron (B) to examine their effects on the electronic
structure. Co-doping with Al and B significantly improved both
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structural integrity and electronic stability, demonstrating the
potential of this approach to optimize Ni-rich cathodes. These
findings highlight the effectiveness of combining DFT and ML
methods to accelerate the discovery of next-generation lithium-
ion battery materials and guide the rational design of stable,
high-performance cathodes.

2. Computational details
2.1 Machine-learning background

The machine learning approach integrates DFT with Deep
Potential Molecular Dynamics (DeePMD) methods to predict
and optimize the performance of nickel-rich cathode materials
for lithium-ion batteries. The implemented neural network
architecture is a Residual Network (ResNet), which maps atomic
coordinates to energy predictions.** The computational model
formulates the energy function by fitting neural network
parameters and summing the energies of local atomic envi-
ronments. An encoding network encodes the atomic environ-
ments into a descriptor space, which maintains physical
symmetry by employing two-body embedding DeepPot-SE
descriptors.* This descriptor space is then processed by
a ResNet fitting network to predict energies. The model is
trained using a loss function based on mean squared error
(MSE) for both energy and force predictions, optimized through
the Adam optimizer with a decaying learning rate.** Training
data is generated from DFT simulations conducted with the
VASP software package, with energies, forces, and atomic
coordinates extracted using the dpdata library. Hyperparameter
settings include three-layer ResNet architectures for encoding
and fitting networks, hyperbolic tangent activation functions,
and a cutoff radius of 6.0 A. The training involves 30 000 steps
with automatic batch size adjustments to ensure robust model
convergence. A similar successful approach was employed for
predicting the topological structural stability of twisted hexag-
onal boron nitride heterostructures.*” In this work, the DeePMD
model was developed and rigorously validated against DFT
energy-force data to ensure an accurate potential energy
surface, establishing a solid foundation for future large-scale
molecular dynamics simulations of Ni-rich NMC cathodes.
For more details, please refer to the SI.

To generate the training and validation datasets, ab initio
molecular dynamics (AIMD) trajectories were performed in the
NVT ensemble using the Nose thermostat for each composition.
Each trajectory comprised 500 ionic steps with a 3 femtosecond
time step, corresponding to a total simulation time of approx-
imately 1.5 ps. The per-atom energies and forces from all
configurations were collected, with 80% of the frames randomly
assigned to the training set and 20% retained for independent
validation using the dpdata package.

2.2 Density functional theory approach

All DFT simulations are performed using the Projector
Augmented Wave (PAW) method implemented in the Vienna Ab
initio Simulation Package (VASP).**** For ionic relaxations, we
used the generalized gradient approximation of the Perdew-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Burke-Ernzerhof for solids (PBESol)***” as an exchange-
correlation functional. The convergence threshold for the self-
consistent field calculations was set to 10~* eV per cell, and
the geometrical structures were fully optimized until the Hell-
mann-Feynman forces acting on atoms were less than 0.005 eV
A—1'48

To accurately describe the density of states for the investi-
gated cathode materials, we enhance our DFT calculations by
incorporating Hubbard U corrections to address the self-
interaction error associated with the d orbitals of transition
metals. The applied Hubbard U values are 6 eV for Ni, 6 eV for
Co, and 4.5 eV for Mn, as suggested in ref. 48. Additionally, an
energy cutoff of 600 eV ensures good convergence of the total
energy. The integration in the Brillouin zone is employed using
the Monkhorst-Pack scheme® (2 x 3 x 1), (4 x 4 x 1), (3 x 5 x
2) for NMC622, NMC811, and NMC955, respectively.

The charge-discharge behavior serves as a critical indicator
of the performance and applicability of Ni-rich NMC cathodes
in lithium-ion batteries. To evaluate lithium-ion migration, the
climbing-image nudged elastic band (NEB) method,*** imple-
mented in the AMS package was utilized. The optimized initial
and final structures were used to define each migration
pathway, which was interpolated through nineteen interme-
diate images along the NEB trajectory. The diffusion coefficient

of lithium ions can be calculated via®*** D = azuff%, where
a is the diffusion length of ions, » ~ 10" Hz, kg Boltzmann's
constant, T the room temperature (T = 300 K), and E,. the
diffusion barrier.

3. Results and discussion
3.1 Thermal stability of Ni-rich NMC cathode materials

Fig. 1 illustrates the optimized configurations of NMC622,
NMC811, and NMC955. All configurations exhibit the typical
hexagonal lattice structure (R3m space group) of LiNiO,,***
with a total number of atoms in the models being 120, 96, and
96, respectively. Manganese and cobalt atoms are substituted at
nickel sites in the transition metal layer to enhance the
performance, structural stability, and cost-effectiveness of NMC
materials.*® The corresponding lattice parameters in Table 1
agree well with the results reported in ref. 13, 15 and 17, con-
firming the reliability of these configurations for further
investigation.

NMC622
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RSC Advances

During the charge/discharge process of lithium-ion
batteries, cathode materials undergo thermal fluctuations
driven by electrochemical reactions and electronic transport.
The thermodynamic stability of these cathode materials is
a critical factor in determining their ability to retain structural
integrity, suppress undesirable side reactions, and mitigate the
risk of thermal runaway. To investigate these aspects, this study
evaluates the thermal stability of NMC cathode systems at four
benchmark temperatures: 27 °C (ambient), 750 °C, 950 °C, and
1650 °C (Fig. 2). Room temperature (27 °C) represents typical
operating conditions, while the elevated temperatures were
carefully selected to simulate increasingly extreme thermal
environments that can arise during battery abuse or in thermal
processing. Specifically, 750 °C and 950 °C represent common
synthesis or sintering temperatures for NMC materials,
providing insight into stability during manufacturing and
moderate thermal stress. The inclusion of 1650 °C, which
exceeds conventional stability testing thresholds, serves as an
extreme condition to probe the ultimate structural stability of
these materials near the melting point, as thoroughly studied in
ref. 56. Thus, these selected temperature points allow for
a comprehensive understanding of how structural integrity
evolves under realistic and severe thermal conditions. The
optimized structures of NMC622, NMC811, and NMC955 at
each temperature were obtained from ab initio molecular
dynamics (AIMD) simulations in the NVT ensemble with a Nosé
thermostat. Each simulation ran for 500 ionic steps with a 3
femtosecond time step, yielding a total duration of ~1.5 ps, an
appropriate timescale given the high computational cost of
these systems.?” The final atomic configuration of each trajec-
tory was used as the representative quasi-equilibrium structure
for subsequent structural and XRD analyses. This approach
ensures that the systems reach a quasi-equilibrated state at the
target temperature (see Fig. S1). Fig. 2 shows the temperature-
dependent structural evolution of NMC622, NMC811, and
NMC955, and Fig. 3 presents the corresponding XRD patterns,
both obtained from the configurations after 500 simulation
steps. Longer simulations could yield additional structural
rearrangements. At 27 °C, all compositions exhibit the typical
layered LiNiO,-type structure with alternating Li and transition-
metal (TM) oxide slabs.*»* Upon heating to 750-950 °C, local
cation rearrangements occur, including Ni migration from the
TM to the Li layers and partial Li/Ni disorder. This effect is more

NMC811 NMC955

Fig. 1 Side views of the fully lithiated NMC622, NMC811, and NMC955 cathode materials. Green, gray, purple, blue, and red spheres represent

lithium, nickel, manganese, cobalt, and oxygen atoms, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice parameters of the fully lithiated NMC cathode materials.
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Lattice parameters of ref. 15 and 17 are presented for comparison

Material a(A) c () cla

NMC622 2.843 | 2.868 (ref. 17) 14.215 | 14.224 (ref. 17) 5.00 | 4.96 (ref. 17)
NMC811 2.899 | 2.840 (ref. 15) 14.333 | 14.102 (ref. 15) 4.94 | 4.97 (ref. 15)
NMC955 2.912 | 2.874 (ref. 17) 14.332 | 14.205 (ref. 17) 4.92 | 4.94 (ref. 17)

pronounced in Ni-rich compositions (NMC811 and NMC955)
due to the similar ionic radii of Ni** and Li*. At 1650 °C, the
layered order collapses, forming a rock-salt-like phase with
extensive cation disorder and loss of Li-O-TM stacking. These
temperature-driven transformations align with the XRD anal-
yses reported by Schwarz et al.,>® where increasing disorder and
strain were observed at high temperature or high Ni fraction, as
well as with the degradation mechanisms summarized by Jiang
et al.,”® which describe thermally induced phase transitions
from layered to spinel and ultimately to rock-salt structures in
Ni-rich NMCs. Overall, increasing Ni content promotes cation
mixing and accelerates structural reconstruction upon heating,
progressively weakening the long-range layered order crucial for
reversible Li" intercalation.

Fig. 3 shows the corresponding X-ray diffraction patterns,
offering a broader statistical perspective on the temperature-
dependent phase evolution of the NMC materials. At room
temperature, all samples display sharp, well-defined peaks

indicative of high crystallinity and phase purity. When heated to
750 °C and 950 °C, NMC622 retains its layered structure with
only minor peak broadening, suggesting good thermal stability.
In contrast, NMC811 and, especially, NMC955 exhibit greater
peak broadening and a lower (003)/(104) intensity ratio, indi-
cating enhanced Li/Ni cation disorder and partial collapse of
the layered framework. At 1650 °C, additional peaks associated
with a rock-salt-like phase emerge, confirming a complete loss
of long-range ordering. NMC622, however, preserves a partially
layered structure with only weak rock-salt features. These
observations demonstrate that thermal stability decreases with
increasing Ni content, consistent with the weaker Ni-O bond
strength and greater susceptibility of Ni-rich compositions to
oxygen loss and cation migration at high temperatures.
Collectively, the XRD and AIMD results reveal that Ni enrich-
ment destabilizes the layered structure, promoting the irre-
versible transition from the ordered R3m phase to a disordered
framework under thermal stress. More interestingly, while the

NMC955

Fig. 2 Side views of the fully lithiated NMC622, NMC811, and NMC955 cathode materials at 27 °C, 750 °C, 950 °C, and 1650 °C, respectively.
Green, gray, purple, blue, and red spheres represent lithium, nickel, manganese, cobalt, and oxygen atoms, respectively.
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Fig. 3 X-ray diffraction of the fully lithiated NMC622, NMC811, and NMC955 cathode materials at 27 °C, 750 °C, 950 °C, and 1650 °C,

respectively.

XRD analysis of the fully lithiated samples established that
thermal stability decreases with increasing Ni content, as Ni-
rich compositions undergo faster transitions from the layered
to rock-salt-like structure upon heating. To further examine the
effect of lithium content, Fig. S2 and S3 compare the XRD
patterns of partially lithiated NMC622, NMC811, and NMC955.
At 27 °C (Fig. S2), all samples retain the layered R3m structure,
but the (003)/(104) intensity ratio decreases with increasing Ni
content and decreasing Li concentration, indicating enhanced
Li/Ni cation disorder. At 1650 °C (Fig. S3), this trend becomes
more pronounced: NMC622 largely preserves its layered reflec-
tions, whereas NMC811 and NMC955 exhibit significant peak
merging and the emergence of rock-salt-like features. These
results confirm that both Ni enrichment and Li depletion lower
structural and thermal stability by promoting oxygen loss and
Ni migration. Thus, partially lithiated Ni-rich NMCs are even
more susceptible to high-temperature phase transitions than
their fully lithiated counterparts.

We further investigate the structural stability of these Ni-rich
NMC cathode materials obtained from density functional
theory compared to those produced by the Deep Potential
Molecular Dynamics model. In Fig. S4, the energies predicted by
the DeePMD model closely align with those calculated by DFT,
indicating that the DeePMD model is well-trained. The pre-
dicted energy values are close to the DFT reference line across
selected temperature benchmarks. There is some slight data
scattering at 1650 °C; however, this remains minor. The coef-
ficient of determination (R?) for all models across the four
temperature points exceeds 0.9, demonstrating the model's
strong ability to reproduce realistic energy values.

© 2025 The Author(s). Published by the Royal Society of Chemistry

DeePMD-predicted forces align closely with DFT results, with
data points that accurately match the DFT reference curve in all
three spatial directions: x, y, and z. The force ranges (in the unit
of eV f&_l) for the materials NMC622, NMC811, and NMC955 are
approximately as follows: —2 to 2 at 27 °C, —4 to 4 at both 750 °C
and 950 °C, and —6 to 6 at 1650 °C (Fig. 4). In other words, the
results at 950 °C and 1650 °C show a wider scattering compared
to those at 27 °C and 750 °C. This issue is likely due to increased
atomic vibrations at elevated temperatures, which complicate
model training. Although the accuracy of force predictions is
slightly lower than that of energy predictions, it remains high,
generally exceeding 0.9. These findings demonstrate that the
DeePMD model effectively predicts the atomic dynamics of
NMC systems, achieving over 90% accuracy in energy and force
predictions (Table 2).

3.2 Effects of AIB codoping on the electronic properties of
Ni-rich NMC cathode materials

Fig. 5 and S5 illustrate the evolution of the electronic structure
as the Ni content increases. In all three materials, the valence
band below the Fermi level is primarily composed of O-2p and
Ni-3d states, with minor contributions from Co-3d and Mn-3d.
The substantial overlap between O-2p and Ni-3d orbitals in the
—6 to 0 eV range indicates significant Ni-O covalent hybrid-
ization, which governs both the redox behavior and the stability
of these layered oxides. The conduction band just above the
Fermi level is dominated by unoccupied Ni-e, states, showing
that Ni acts as the primary redox center.

As the nickel content increases from NMC622 to NMC811
and then to NMC955, the overall bandwidth of the O-2p and Ni-
3d states broadens and their energy separation narrows. In

RSC Adv, 2025, 15, 47803-47813 | 47807
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Fig. 4 Comparison of forces of the DeePMD force model with DFT
calculations for NMC622, NMC811, and NMC955 cathode materials in
the validation dataset.

NMC622, there remains a distinct gap between the O-2p valence
and Ni-3d conduction bands, implying moderate covalency and
relatively ionic bonding. The Ni-3d states are mainly localized
below the Fermi level, while the O-2p orbitals dominate the
valence band, indicating that redox activity is largely Ni-
centered with limited oxygen participation. As the Ni fraction

47808 | RSC Adv, 2025, 15, 47803-47813
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Table 2 The coefficient of determination (R%) of DeePMD models of
the energy and forces for NMC622, NMC811, and NMC955 cathode
materials at 27 °C, 750 °C, 950 °C, and 1650 °C

Sample Temperature R’ (E) R* (F)
NMC622 27 °C 0.942 0.951
750 °C 0.988 0.953
950 °C 0.982 0.947
1650 °C 0.992 0.948
NMC811 27 °C 0.980 0.963
750 °C 0.987 0.963
950 °C 0.986 0.967
1650 °C 0.973 0.964
NMC955 27 °C 0.991 0.962
750 °C 0.993 0.971
950 °C 0.991 0.973
1650 °C 0.989 0.970

rises to NMC811, the Ni-3d states begin to cross the Fermi level
and become the dominant conduction channel. The O-2p states
exhibit greater hybridization with the Ni-3d orbitals, extending
closer to and slightly above the Fermi level. This enhanced
overlap demonstrates increased electronic delocalization and
Ni-O covalency, suggesting the emergence of oxygen redox
activity at high voltages. Hybridization implies the formation of
ligand holes (O-holes) in the O-2p band, a feature characteristic
of Ni-rich cathodes. While such oxygen participation can boost
capacity, it also introduces a risk of oxygen instability and lattice
degradation. Meanwhile, cobalt and manganese remain largely
redox-inactive across these compositions, serving primarily as
structural stabilizers, consistent with previous computational
and experimental findings.'>*"*?

In NMC955, the degree of hybridization reaches its
maximum: the O-2p states shift further upward, nearly merging
with the Ni-3d band, and the Fermi level cuts directly through
these hybridized states. This near-vanishing separation between
O-2p and Ni-3d bands reveals a highly metallic, delocalized
electronic structure and a substantial increase in electronic
conductivity. The density of Ni-3d states at the Fermi level is
significantly higher, enabling efficient charge transport but also
indicating a strong tendency toward oxygen redox participation.
The O-2p orbitals extend well into the conduction region.
However, this same behavior correlates with greater structural
and thermal instability, as enhanced Ni-O covalency weakens
oxygen binding and promotes O, evolution. The Co and Mn 3d
states remain electronically inert throughout, consistent with
their stabilizing, non-redox-active roles. Although NMC955
exhibits the highest electronic conductivity and Ni-centered
redox activity, it is the most prone to oxygen-related degrada-
tion. By contrast, NMC811 achieves a balance between
conductivity and structural integrity, which explains its promi-
nence in commercial applications, whereas NMC622, though
more stable, requires conductive additives to perform effectively
in high-power systems.

These trends align closely with previous theoretical and
computational studies. Dixit et al.®® showed that as Ni concen-
tration increases, the Ni-t,, contribution near the Fermi level

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Projected density of states of NMC622, NMC811, and NMC955 cathode materials at room temperature. The Fermi level indicated by the

dashed lines is set to zero.

grows while the Ni-e, band becomes partially emptied, nar-
rowing the band gap and strengthening Ni-O hybridization.
They also demonstrated that higher Ni** fractions lead to more
covalent Ni-O bonds and lower oxygen-binding energies,
thereby promoting oxygen release and structural degradation.
Banerjee et al.® further confirmed through many-body calcu-
lations that in Ni-rich NMCs, the formal Ni oxidation state
changes little upon delithiation; instead, charge compensation
occurs via O-2p holes formed through strong Ni-O hybridiza-
tion, explaining the upward shift of O-2p states toward the
Fermi level. The review by Chakraborty et al.®> emphasized that
Ni dominates the redox process while Co facilitates charge
transfer and Mn*" stabilizes the structure, consistent with the
minimal Co-3d and Mn-3d contributions seen here. Addition-
ally, Schipper et al.®* reported that doping Ni-rich NMCs with
high-valent cations, such as Zr**, reduces Ni** formation and
mitigates oxygen loss by lowering Ni-O covalency. Overall, the
pDOS evolution from NMC622 — NMC811 — NMC955 reflects
the central trade-off identified in these works: increasing Ni
content enhances electronic conductivity and capacity via
stronger Ni-O hybridization and oxygen redox, but simulta-
neously undermines structural and thermal stability by weak-
ening metal-oxygen bonds.

Thus, to improve the structural stability of the Ni-rich
NMC955 cathode, boron doping is systematically introduced
by substituting a single Ni atom within the optimized structure,
explicitly targeting the Ni sites labeled in Fig. S6. The structural
integrity of the resulting B-doped configurations is evaluated
based on their formation energies, calculated according to eqn
(S1). Sites 5 and 6 display the lowest formation energies among
the various B-doped configurations. However, as formation
energy alone is inadequate to determine structural stability
unequivocally, phonon spectral analysis is further conducted to
assess dynamical stability. Site 6 is the more favorable position
for boron doping, as thoroughly explained in the SI (Fig. S6).
Subsequently, aluminum co-doping is systematically explored
as an additional stabilization strategy. Aluminum is recognized
for enhancing the long-term structural robustness of Ni-rich
cathode materials.**** Consequently, AlB-doped NMC955
structures (NMC955-AIB) are simulated by substituting an
additional Ni atom in the previously optimized NMC955-B

© 2025 The Author(s). Published by the Royal Society of Chemistry

configuration with an Al atom. The optimal AlB-doped config-
uration is identified as the one with the lowest formation
energy, calculated using eqn (S1) and summarized in Table S2.
For comparative reference, the optimized NMC955-AIB struc-
ture is reverted to NMC955-Al by substituting the B atom back to
Ni. The optimized geometric structures of both NMC955-B and
NMC955-AlB are illustrated in Fig. 6. As detailed in Table 3, the
substitution of smaller AI** ions for Mn*" slightly contracted the
lattice dimensions, enhancing the layered structure's stability,
which is reflected in an increased c/a ratio with respect to the
original NMC955 systems.

The AIB co-doping strategy is designed to probe the impact of
aliovalent elements on charge distribution in the modified
NMC955-AlB systems. Fig. 7, S8, and S9 characterize the elec-
tronic properties of these doped systems via PDOS and charge
density difference analyses. Upon doping, the metallic char-
acter of the parent compound is preserved, as indicated by the
continuous density of states across the Fermi level, implying
robust electronic conductivity critical for high-rate lithium-ion
battery applications. Noteworthy changes in the local elec-
tronic environment were observed: the PDOS indicates
enhanced Co spin-down contributions near 2 eV and a shift in
Mn spin states, particularly in the vicinity of 3 eV and 1 eV.
Concomitantly, a reduction in O-2p states at the Fermi level is
observed post-doping. This is consistent with suppressing
oxygen participation in redox processes, a factor often associ-
ated with improved structural stability and mitigated oxygen
release at high charge states.

Furthermore, CCD mapping (Fig. 8 and S10) demonstrates
electron accumulation predominantly on oxygen atoms, with
depletion centered around the Al, B, and Mn sites. This redis-
tribution indicates a net charge transfer away from the dopant
sites and highlights their role in modulating the local electronic
structure. The observed delocalization of charge around oxygen
can be interpreted as a stabilization mechanism that alleviates
localized electron density, potentially suppressing the forma-
tion of reactive oxygen species. These results collectively suggest
that co-doping with Al and B enhances Ni-rich layered cathodes’
structural and electronic stability under electrochemical stress.

The migration of lithium ions within layered cathode lattices

governs both the charge-discharge kinetics and rate

RSC Adv, 2025, 15, 47803-47813 | 47809
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and red spheres represent lithium, nickel, manganese, cobalt, and oxygen atoms, respectively.

Table 3 Lattice parameters of B and Al-doped NMC955 cathode
materials at room temperature

Material a(A) c(A) cla

NMC955-B 2.874 14.318 4.982
NMC955-Al 2.904 14.347 4.940
NMC955-AlB 2.896 14.331 4.949

performance of lithium-ion batteries. In Ni-rich layered oxides
such as NMC955, lithium diffusion primarily occurs through
the two-dimensional Li-O slabs parallel to the ab-plane. To
evaluate the role of B-doping and AIB co-doping on NMC955
cathode materials, we evaluate the diffusion barrier and
migration pathway via the climbing-image nudged elastic band
method to determine the minimum energy pathways for
lithium diffusion in pristine NMC955, B-doped NMC955, and
Al-B co-doped NMC955 systems. The calculated migration
trajectories are illustrated in Fig. 9a, with the corresponding
energy profiles shown in Fig. 9b-d. The diffusion barrier for
pristine NMC955 is computed to be 0.355 eV (Table 4), in close
agreement with reported values of 0.30-0.40 eV for conventional
NMC811 and LiNiO, cathodes,'***** indicating moderate
mobility and confirming that Li-ion transport remains kineti-
cally limited in Ni-rich compositions. Such a barrier, while
thermally surmountable at room temperature, constrains high-

NMC955-B

pDOS

Energy (eV)

rate charging and accentuates voltage hysteresis during cycling.
The corresponding diffusion coefficient of NMC955 cathode
materials of 3.2 x 1077 cm® s~ ' is much faster than the typical
experimental report of NMC622 and MoNb,,05; electrodes of
~107° em® s'.* Remarkably, substitutional boron doping
significantly reduces the diffusion barrier to 0.191 eV. This
reduction arises from local lattice relaxation and electronic
modulation induced by B incorporation, which expands the Li-
O slab spacing and weakens the Li-O electrostatic interaction
along the diffusion path. The formation of strong B-O covalent
bonds further stabilizes the oxygen sublattice, mitigating
oxygen release and lattice distortion during (de)lithiation.>***
More interestingly, upon Al and B co-doping, the migration
barrier is 0.206 eV, slightly higher than that of the B-only system
but still far below that of pristine NMC955. The corresponding
diffusion coefficients of these doped cathode materials are even
comparable to those of LiMn,0, and LiMn,0,-MXene non-
ocomposite cathodes.®® This result indicates an overall effect
between the two dopants: Al substitution stabilizes the
transition-metal layer and suppresses cation mixing. At the
same time, B maintains expanded Li diffusion pathways and
introduces charge delocalization, facilitating Li hopping. The
Al-B co-doped system thus achieves a balance between struc-
tural stability and ionic conductivity, ensuring both fast diffu-
sion and long-term phase integrity under high-voltage cycling.

NMC955-AlB

40

20
%)
8 o .
o :
-20 E
-40 :
-6 -4 2 0 2 4
Energy (eV)

Fig. 7 Project density of states of NMC955-B and NMC955-AlB cathode materials. The Fermi level indicated by the dashed lines is set to zero.
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Table 4 Diffusion barrier and diffusion coefficient of lithium ions of pristine, B-doped and AlB co-doped NMC955 cathode materials

Systems/characteristics NMC955 B-Doped NMC955 AIB co-doped NMC955
Diffusion barrier (eV) 0.355 0.191 0.206
Diffusion coefficient (cm?® s ") 3.2 x 1077 8.1x107° 4.5%x107°

4. Conclusion

This work combines density functional theory and machine
learning to evaluate the stability and electronic behavior of Ni-rich
layered cathodes. The trained DeePMD neural network models
accurately reproduce DFT energies and forces (R> > 0.9), con-
firming their reliability for large-scale simulations. Increasing Ni
content enhances electronic conductivity but weakens structural
integrity through stronger Ni-O hybridization. Among the studied
systems, NMC955 shows the highest conductivity yet the lowest
stability. Co-doping with Al and B markedly improves lattice
robustness, redistributes charge, and reduces local strain, while
lowering the Li-ion diffusion barrier from 0.355 eV to 0.206 €V. The
Al-B co-doping stabilizes the oxygen framework and enhances ion
mobility, achieving a balance between conductivity and durability.
These findings demonstrate an effective DFT-ML strategy for
designing high-energy, long-life Ni-rich cathodes and guiding the
development of next-generation lithium-ion batteries.
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