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Ni-rich layered oxides, particularly LiNig9Cog10,, have garnered significant attention in the realm of
high-capacity cathodes for lithium-ion batteries. Despite their promise, their commercialization is
hindered by challenges related to structural instability and defect formation. This study utilizes density
functional theory (DFT) to unravel the intricate structural, defect formation, and transport properties of
LiNig.9C00 105, thereby providing insights into the performance-limiting factors. Our findings reveal that
a 10% cobalt doping while enhancing lithium mobility, is insufficient to significantly mitigate antisite
defects and oxygen vacancy formation. These defects are critical in influencing the electrochemical
performance and durability of the material. The study further delves into the implications of defect
formation on the electrochemical characteristics, emphasizing the need for a higher concentration of
cobalt doping to effectively stabilize the Ni-rich cathode. This theoretical investigation contributes to the
understanding of defect behaviors in Ni-rich cathodes and paves the way for optimized material design

rsc.li/pcecp

1. Introduction

In response to the escalating global demand for clean energy,
the development of efficient and sustainable energy storage
technologies has become a critical focus. Among various solu-
tions, electrochemical batteries, particularly lithium-ion batteries
(LIBs), have emerged as pivotal in revolutionizing the energy
sector." Renowned for their high specific power, energy densi-
ties, and reliability, LIBs have been instrumental in diverse
applications, including renewable energy integration and auto-
motive advancements.*

Despite their widespread applications in diverse fields such
as renewable energy integration, the mobile electronics market,
and the automotive industry,””° the potential of LIB technol-
ogies faces significant limitations related to cost, safety, and
degradational issues.” To advance renewable energy integration,
and consumer electronics, and extend the driving ranges of
electric vehicles, there’s a pressing need for more cost-effective,
higher-capacity, and environmentally friendly materials for LIB

“ Department of Energy Studies, College of Engineering and Mines, University of
North Dakota, North Dakota, USA

b Department of Chemical and Biological Engineering, Illinois Institute of
Technology, Chicago, Illinois, USA. E-mail: omotayo.salawu@kaust.edu.sa

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp03475a

1494 | Phys. Chem. Chem. Phys., 2025, 27, 1494-1502

in future high-energy-density battery technologies.

applications."*™ In the pursuit of addressing limitations ham-
pering LIBs, substantial research efforts over the last few decades
have zeroed in on the cathode component of LIBs. The cathode
significantly influences the power and energy density of a battery
system and constitutes over 20% of the total cost."*"*™”
Layered transition metal oxides, such as LiMO, (where M =
Co, Ni, Mn, etc.), stand out as promising cathode materials due
to their high theoretical capacities and operating voltages.'®
Initially introduced in 1980 with the development of LiCoO,
(LCO) cathodes by Goodenough’s team,"® LCO chemistry has
been predominant in the electronics industry. However, LCO
cathodes face limitations in delivering only about half of their
theoretical capacity (approximately 140 mA h ¢~ ') and contain
cobalt, a toxic and expensive component.'*'*?® Research
exploring LiNiO, (LNO) chemistries as alternatives to LCOs
has gained attention due to their increased specific energy
(>200 mA h g "), reduced toxicity, and a more economically
viable raw material supply.>! Yet, challenges persist, primarily
stemming from the structural instability inherent in LNO
compounds, a well-recognized issue in the literature, ultimately
impeding their electrochemical performance.””>* The struc-
tural instability in Ni-rich cathodes occur in the form of
irreversible phase transformations and formation of new active
sites which deter the electrochemical properties of the material.
This instability can be attributed to nickel migration due to the
spontaneous change in oxidation states of Ni ions causing
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them to occupy Li sites.>>>° The inherent difficulty in synthe-
sizing a pure LNO compound results from the lower stability of
Ni*" in layered structures compared to Co*>*, which prompts the
formation and migration of Ni*" ions, affecting the electrochemi-
cal performance of the material.>*>*”*® Recent advancements in
Co-doping have shown a potential to address these issues by
enhancing the structural integrity and electrochemical properties
of LNO cathodes.****” Notably, despite earlier experimental
findings indicating insufficiency in mitigating cation mixing at
low concentrations of Co dopants (<20% of Ni site), studies have
shown promise in improving structural and electrochemical
performance.*®**" Specifically, Ni-rich LiNi;_,Co,0, (NC) cath-
odes have demonstrated the potential to meet the energy require-
ments for next-generation electric vehicles, albeit with accelerated
capacity losses after repeated cycling.*®**™** However, there
exists a gap in the comprehensive theoretical understanding
of these improvements, particularly at low Co doping levels.
Specifically, a comprehensive understanding of defect behavior
within these materials remains lacking. Computational tools,
notably density functional theory (DFT), offer a promising
avenue to explore material defects and establish structure—
property relationships.”*>*® While previous studies have used
DFT to examine the stability and electronic properties of Ni-rich
cathodes, comprehensive theoretical calculations specifically
elucidating the effects of low-level Co doping on LNO are scarce
to the best of our knowledge. With the global shift towards low-
cobalt cathodes, there remains a significant gap in under-
standing how reduced levels of cobalt impact the performance
and stability of Ni-rich cathodes. Our research uniquely
addresses this gap by providing a comprehensive analysis of
the intrinsic effects of lower Co-doping levels on structural and
defect properties of LNO.

In recent years, Ni-rich layered oxides, such as LiNij ¢C0, 10,
(NC91), have garnered attention due to their high energy
densities, as highlighted in a recent study by Susai et al.*’ Their
investigation underscored the degradational issues arising
from 180° Ni—O-Ni bonds that facilitate antisite defects, limit-
ing the performance of NC91 cathodes. While Susai et al.*’
demonstrated the stabilization potential of dual Mo and B
doping, our work focuses on the effects of 10% Co doping in
mitigating these interactions. Although this doping level fails to
entirely prevent antisite formation, consistent with their findings,
we uniquely reveal its positive impact on lithium-ion mobility,
offering an explanation for the enhanced energy densities of
NC91. This complementary perspective bridges the gap between
experimental observations and theoretical insights, contributing
to the broader understanding of performance-limiting factors in
Ni-rich cathodes.

This study aims to leverage first-principles DFT simulations
to investigate the impact of Co doping in Ni-rich LiNij ¢C0¢ 10,
(NC91). The research systematically probes the effects of Co-
doping on the material’s structural and defect properties,
examining antisite and vacancy defect formation energies and
lithium migration behavior in comparison to pristine LNO and
LCO. By providing a theoretical foundation, this work seeks to
complement experimental findings and facilitate a deeper
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understanding of Ni-rich cathodes, aiming to address their
structural limitations for broader application. The novelty of
our approach lies in the detailed theoretical exploration of
low-level Co-doping effects, which have been less addressed in
existing literature. We hypothesize that this investigation will
reveal critical insights into improving the performance and
stability of Ni-rich cathodes, potentially leading to more efficient,
safer, and cost-effective LIBs. The broader implications of our
study extend beyond the technical enhancements of cathode
materials. By contributing to the development of improved LIBs,
this research aligns with the global push towards sustainable
energy solutions, potentially impacting future battery technolo-
gies and supporting the transition to a more sustainable energy
landscape.

2. Computational details

The computational methods employed in this study utilized
first-principles density functional theory (DFT) calculations
conducted with the Vienna Ab initio Simulation Package
(VASP)*® and the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.*® Core-electron interactions were
described by employing the projector-augmented wave (PAW)
approach;*® 2s* (Li), 3d® 4s” (Ni), 3d® 4s" (Co) and 2s” 2p” (O) are
treated as valence electrons. To provide an accurate representa-
tion of localized states, a Hubbard U correction (Dudarev
approach) of 6 eV was applied to the transition metal d
orbitals.*”**>* Preliminary analysis indicates that our chosen
value of U = 6.0 eV yields results consistent with experimental
data and represents a good compromise between structural
accuracy and electronic properties. Additionally, the vacancy
formation energies remain qualitatively consistent across dif-
ferent U values. More information can be found in the ESI}
(Tables S1 and S2).

The initial structural relaxations for the LiNiO, (LNO) and
LiCoO, (LCO) cathode materials were carried out using 12-atom
unit cells and an 8 x 8 x 2 k-point mesh. Atomic positions were
optimized until the forces reached a convergence criterion of
0.001 eV A™". For ionic relaxation, a convergence criterion of
0.05 eV A~ was applied, while electronic relaxation used a
convergence criterion of 10> eV. A plane wave cutoff energy of
520 eV was chosen in order to adequately describe the electronic
wavefunctions of the oxides.***> Symmetry constraints were
applied during the geometry optimization calculations to preserve
crystal symmetry while optimizing computational resources.

In extending the structural relaxations to study defects, we
adopted a 120-atom supercell approach with dimensions of 5 x
2 x 1 based on convergence calculations (Fig. S1, ESIt). The
selected supercell size effectively simulates defect formation
energies, approximating defect interactions in a manner that
closely resembles the real system’s behavior while preserving
periodicity. To construct the LiNi,¢C0y,0, (NC91) supercell,
we randomly substituted 10% of the Ni sites with Co atoms
using the special quasi-random structure (SQS) approach.’®””
The SQS approach gives more accurate descriptions of the
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essential correlations than methods such as coherent potential
approximation (CPA) methods. Therefore, features such as near-
neighbor pair distributions and multisite correlations found in
random alloys are well-mimicked resulting in enhanced reliability
of material property predictions.”®*® The configuration with the
lowest energy served as the basis for further investigations,
including defect calculations. We investigated the effect of
London dispersion and found that the effect is minimal both
on the structural and energetic properties discussed here (see
Tables S3 and S4, ESIt).

Two major kinds of defects were formed: antisites and
vacancies. The defect formation energies of the defective super-
cells were obtained by evaluating the energy difference between
the defective and pristine system using eqn (1) below:®°

Er = Eq— Ey+ ) nip, (1)
i

where Eq and E;, are the total energies of the defective system and
the pristine system, respectively. n; is the number of atoms of
species i that are removed or added to the pristine system for defect
formation. y; is the atomic chemical potential of the element i in
the studied structure. For antisite formation, since the total number
of atoms is unaffected, eqn (1) can be simplified as:*®

Ef = Ed — Ep (2)

The concentration of antisite and vacancy defects (C4) under

thermal equilibrium can be calculated using the expression below:*"

Cd =N, sites EXP [Kl;f«] (3)
where Ng;es is the number of atoms per site without any defect, kg is
the Boltzmann constant and 7 is the temperature.

To determine the migration barriers for lithium vacancies,
we employed the nudged elastic band (NEB) method.®> We
utilized a linear interpolation involving eight images between
the initial and final states to ascertain the migration pathway
and energy barriers. Finally, all atomic structures and visualiza-
tions were created using VESTA.*

3. Results and discussion
3.1. Structural properties

The optimized lattice parameters and cell volumes for the
pristine LiMO, (M = Ni, Co, Ni,¢C0,4) cathode materials are
listed in Table 1 and are in good agreement with experimental
values. The 3.5% deviation observed with the lattice parameter
a of NC91 likely stems from the complex electronic interactions
of a mixed Ni/Co environment which may be difficult to capture
perfectly with DFT+U. The materials adopt the o-NaFeO,
layered structure in the R3m space group®®®* as shown in
Fig. 1. The cell volumes follow the trend of NC91 > LNO >
LCO, with NC91 having the largest volume of 102.66 A®, then
LNO with 100.71 A*> and LCO has the smallest volume of 98.11 A®
consistent with the relative ionic radii of Ni** and Co*". It is
important to state that some studies may show slightly different
volume trends, but this can be attributed to the different
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Table 1 Calculated lattice parameters of pristine LNO, LCO and NC91
along with results from prior experimental work

LCO LNO NCo1

Calculated Expt.°> Calculated Expt.°® Calculated Expt.®”
a(h) 2.825 2.818  2.858 2.873  2.970 2.877
b (é) 2.825 2.818 2.858 2.873 2.970 2.877
c (A.) 14.190 14.064 14.227 14.189 14.199 14.169
V( 3) 98.11 96.74 100.71 101.49 102.66 101.58
2() 90 90 90 90 90 90
7 (%) 120 120 120 120 120 120
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)

v
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Fig. 1 (a) Unit cell and (b) supercell of LMO, where M = Co or Ni. Selected
atoms show dopant positions in NC91.

synthesis or characterization methods used. The calculated c/a
ratio exhibits only minor variations across the materials, ranging
from 4.978 for LNO to 5.020 for LCO. The O-M-O slab thickness
and M-O bond lengths also show incremental differences, with
values increasing as Ni content rises, as seen in Table 2. Overall,
the structures contain alternating Li and transition metal (TM)
layers separated by close-packed oxygen layers in the expected
layered motif. The minor variations in lattice parameters, c/a
ratio, O-M-O slab thickness, and M-O bond lengths can
be attributed to the different ionic radii of Ni*" and Co®". The
stoichiometric cation concentrations were confirmed from the
optimized NC91 structure, which contained 9 Ni, 1 Co, and 10 Li
atoms as expected. The Co dopant is coordinated octahedrally

Table 2 Calculated average bond lengths of LCO, LNO and NC91

LCO LNO

NCo1
Calculated  Expt.®®  Calculated Expt.®®  Calculated
Li-O 2.1032 2.067 2.1211 2.107 2.0106
X
s
Co-0O 1.9315 1.963 — — 1.9415
Ni-O — — 1.9453 1.974 1.9144
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within the transition metal slab. The introduction of 10% Co
thus does not significantly alter the basal lattice parameters or
layered structural motif. Moreover, the overall structural proper-
ties of the LiMO, cathode materials are consistent with the
expected layered motif, suggesting that Co doping is a viable
strategy for tuning the electrochemical properties of LNO with-
out compromising its structural stability.

3.2. Vacancy defect formation

The presence of vacancy defects in lithium-ion batteries signifi-
cantly influences their electrochemical performance. The ease of
lithium vacancy formation is crucial for good electrochemical
performance, while the presence of oxygen vacancies could deter
the performance of the battery.>** In order to calculate the energy
associated with the formation of vacancy defects, it is crucial to
define a valid range of chemical potentials. These chemical
potentials are influenced by both equilibrium conditions and
constraints preventing the emergence of undesirable secondary
or rival phases. The energies of the formation of secondary phases
used in this work were acquired from published peer-reviewed
articles.”® To maintain the stability of the LiMO, phases in an
equilibrium state, it is necessary for the chemical potentials of the
components to meet the following criteria:

Apii + Aigo + 2Ap0 = Apg (LCO), (4)
Augi + Apnit 2Ap0 = Aug (LNO). (5)

where,
Awi = pi — uif (6)

In the above equations, Auyi, Alico, Auni and Auo are the
relative chemical potentials of Li, Co, Ni and O, respectively. uf
represents the atomic chemical potential of element 7 in solid
state form. The formation energy of the desired phase, LiMO,,
must be less than that of rival phases to prevent their for-
mation. By factoring these conditions (see eqn (S1)-(S15), ESIT),
the stability boundaries for each system were computed and are
shown in Fig. 2. A-B, C-D, E-F, G-H, I-J-K, represent the
stability lines for Li,O, Li,0,C00, Co;0, and LisCoO, phases
respectively in LiCoO,. A-B, C-D, E-F-G represent the stability
lines of NiO, Li,NiO, and Li,NiO; phases in LiNiO,. The points,
A-] in Fig. 2(a) and points A-G in Fig. 2(b) signify the positions
at which the secondary phases will not precipitate. The Li-, Co/
Ni-, and O-rich positions are indicated by the key. Eqn (1) was
then used to compute the formation energies of the considered
defect types employing the relative chemical potential values
for the respective positions.

Fig. 3 displays the Li(Vy;), Co/Ni(Veoni) and O(Vp) vacancy
formation energies in LNO, LCO and NC91. It can be observed
that the vacancy formation energy is largely dependent on the
chemical potentials. For Li-rich positions, I, A, and C, in
Fig. 2(a), Vy; is at its highest. Li-rich point E in Fig. 2(b) also
appears to have the highest Li-vacancy formation energy in LNO
and NC91. This signifies that the formation of lithium vacan-
cies is least favorable in Li-rich conditions. Oxygen vacancy
formation, Vo, appears to be averagely higher in LCO than in
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Fig. 2 Stability diagram and chemical potential analysis for (a) LCO, (b)
LNO, (c) NC91. More information on formalism used to derive stability limit
is presented in the ESI.f

LNO. It can also be observed that on average, the vacancy
formation energies in NC91 system are slightly less than the
LNO system.

The reversible nature of the vacancy formation process, largely
dependent on chemical potentials, holds significant implications
for battery materials. By controlling these chemical potentials, we
can manipulate the creation or elimination of vacancies. This has
the potential to enhance battery performance, making materials
more resistant to capacity degradation caused by vacancy for-
mation. Additionally, the slightly lower vacancy formation ener-
gies in the NC91 system compared to the LNO system indicate
that Co doping may be a promising strategy to enhance the energy
capacity of LNO-based batteries. Vacancies can trap Li ions,
reducing battery capacity. Co doping can lower vacancy formation
energy, improving Li-ion retention and overall battery capacity.

Moreover, the higher oxygen vacancy formation in LCO
compared to LNO aligns with experimental findings,”"*® suggesting
that LCO is more prone to oxygen loss during cycling. This implies
that Co doping may also contribute to stabilizing LNO-based
batteries and reducing the risk of oxygen loss during operation.
Furthermore, considering that lithium vacancy formation is the
fundamental process during lithium-ion battery charging,®* Co
doping could potentially enhance the charging performance of
LNO-based batteries. Lowering the vacancy formation energy
through Co doping can facilitate the insertion of Li ions into
the battery material during charging.

3.3. Antisite defect formation

In an ordered compound, antisite defects occur when there is a
switch in the atomic positions of different types of atoms in a
crystal structure.®® This phenomenon may occur during synth-
esis and after repeated cycling;”" during Li/Ni intermixing, Ni
ions in the transition metal layer migrate to the Li layer and
these have been reported to have both favourable and detri-
mental consequences.”" Studies have shown that excessive Li/
Ni intermixing compromises the interlayer spacing of the Li

Phys. Chem. Chem. Phys., 2025, 27,1494-1502 | 1497
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Fig. 3 Calculated vacancy formation energies in (a) LCO, (b) LNO, (c) NC91 as a function of the atomic chemical potential positions shown in the figure
(for NC91 vacancy formation diagram, the chemical potential positions for LNO in (b) we used). All vacancy formation energies can be observed to be
higher in LCO than LNO and NC91. Data revels lower VLi energies in NC91 than LNO which connotes easier lithium deintercalation in NC91.

slab and hinders Li migration due to electrostatic repulsion.”
On the other hand, a study performed by Li et al. demonstrated
that a 5.7% Li/Ni antisite improved the electrochemical proper-
ties of Ni-rich and Co-poor (<20%) layered transition metal
cathode.”® By studying antisite defects, we believe more insight
may be obtained on the impacts of Co-doping LNO on antisite
formation.

This study explored and analyzed Li/transition-metal (TM)
intermixing by swapping the positions of Co/Ni and Li atoms in
pristine supercells of LCO, LNO and NC91. Fig. 4 shows the
antisite positions (I-IV) sampled in NC91. The antisite defect
formation energies were calculated using eqn (2) and the most
stable antisites were noted. The antisite energies follow the
trend LCO > LNO > NC91, with LCO being the least stable for
antisite formation. This agrees with findings in literature;
stoichiometric LNO is known to be more unstable and forms
antisite defects more easily than LCO.%" The antisite formation
energy of LNO decreases after 10% Co doping, with 1.18 eV as
the energy of the most stable antisite configuration (position I).
It was additionally observed that of the four antisite configura-
tions studied in NC91, the antisite Ni atom at position I, which
is the farthest from the Co atom, was the most stable antisite

Fig. 4 |Illustration of sampled inequivalent Li/Ni antisite defect positions
(I-1V) in NC91. Position |, farthest from Co, shows the lowest antisite
formation energy due to strong 180° Ni-O-Ni superexchange interac-
tions. Position I, shows highest antisite formation energy due to close
proximity to Co.

1498 | Phys. Chem. Chem. Phys., 2025, 27,1494-1502

formation. This indicates that the antisite nickel ions are more
energetically favored to be positioned farther from the Co ion.
Corroborating this claim, the closest Ni antisite (position II)
was the least stable for antisite formation. This would connote
that although 10% Co doping does not sufficiently inhibit Li/Ni
mixing, slightly higher concentrations of Co (>10%) would
improve the material’s ability to withstand antisite formation;
this is corroborated by existing literature.”* Furthermore, A
study by Susai et al.’ investigated the electronic structure of
NC91 and revealed that Ni*" ions dominate the valence band,
which explains the limitation of 10% Co in mitigating antisite
formation. In addition, the inclusion of additional cationic
dopants, such as Al and Mo has also proved to be a favorable
method of further stabilizing low-Co NC cathodes.””® It is also
worthy of note that the average volumetric change of the
supercell in all four antisite configurations was less than 1%.
Further study of the antisite formation energies reveals that
there is a direct relationship between the antisite formation
energies and the strength of superexchange interactions. Ni**
and Ni*" ions are known to have partially filled doubly degen-
erate (e,) orbitals which causes them to have strong super-
exchange interactions when they form 180° Ni-O-Ni bonds. On
the other hand, Co®" and Co*" ions have weak superexchange
interactions due to their fully occupied e, states. The defect
formation energies reveal the effects of Ni-O-Ni and Ni-O-Co
bonds formation upon antisite formation in NC91 system.
Looking closely at the results and structure of NC91, upon
the formation of antisite defects in position I, only 180° Ni-O-
Ni bonds are formed. The strong superexchange interactions
due to the 180° Ni-O-Ni bonds stabilize antisite defect for-
mation, which is evident in the fact that this position exhibits
the lowest defect formation energy. Position III, which gave
an antisite defect formation energy of 1.8024 eV formed a 180°
Ni-O-Ni bond and a 180° Ni-O-Co. The presence of the 180°
Ni-O-Co bond is able to suppress the Li/Ni mixing making that
position less energetically favored for antisite defects. Next, in
position IV, we observed a formation energy of 2.0482 eV with
both 180° Ni-O-Ni and 180° Ni-O-Co bonds formed. Similar
to postion 3, the weak 180° Ni-O-Co superexchange inter-
actions are able to screen Li/Ni mixing thereby mitigating
antisite defect formation. The higher antisite formation energy

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp03475a

Published on 19 December 2024. Downloaded on 1/11/2026 5:55:39 AM.

Paper

in position IV than in postion III can be attributed to the
proximity of the antisite Ni atom to a Co atom. The highest
defect formation energy was observed in position II with a value
of 3.0246 eV. Although, Ni-O-Ni bonds are formed, the proxi-
mity of Co to the antisite Ni disfavors mobilization of Ni to the
postion II. This further affirms our claim that antisite nickel
atoms closest to the Co atom possess higher resistance to
antisite formation. In corroboration with our findings, You
et al. performed X-ray diffraction Rietveld refinements to inves-
tigate the quantity of cation-disordering in Co-doped LNO
samples. They discovered that low Co-dopant levels were able
to effectively reduce the level of cation disordering which they
attributed to the existence of 180° Ni-O-Co superexchange
interactions.”” Susai et al.*’” also attributed antisite formation
to 180° Ni-O-Ni bonds.

This study also considered the effects of the presence of
antisites on vacancy formation. Li vacancies were created in the
most stable antisite configurations of the three systems. It was
discovered in all three structures, that the ground state energies
increased with the addition of vacancies, which corroborates
experimental findings that antisite formation impedes Li-ion
release during cycling.”®

The variation in antisite formation energy among different
cathode materials, with the lowest in LNO and the highest in
LCO, aligns with experimental observations, indicating that
LNO is more prone to antisite defect formation compared to
LCO. This observation is crucial in understanding the inherent
stability of these materials. Moreover, the discovery that Co
doping reduces the antisite formation energy in LNO is a
promising development, as it implies that Co doping could
serve as a viable strategy for enhancing the stability of LNO
cathode materials. This has significant implications for the
advancement of battery technology. Interestingly, the observa-
tion that the antisite Ni atom is energetically more stable when
located farther from the Co ion in NC91, hints at a possible
influence of the differing ionic radii of Ni and Co. Additionally,
the presence of Co screens antisite formation due to the weak
superexchange interactions of Ni-O-Co bonds. This insight
provides a deeper understanding of the dynamics at play within
these materials. Furthermore, the fact that the average volumetric
change in all four antisite configurations remains below 1%
suggests that antisite defects have a minimal impact on cell
volume. This observation is particularly noteworthy, as it implies
that Co doping can effectively reduce antisite defect formation
without causing significant structural alterations in the LNO
cathode material. This balance between defect reduction and
material integrity is a crucial consideration for the practical
application of Co doping in battery technology.

3.3.1. Defect chemistry at high-temperature conditions.
The synthesis of lithium cathode materials often involves high-
temperature solid-state reaction processes, contributing to the
formation of defects within the material structure.”®*® These
defects significantly influence the material’s properties during
service. However, quantifying defect concentrations using con-
ventional experimental methods remains challenging. First-
principles calculations provide an avenue for a quantitative
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assessment of defect chemistry, offering a deeper understanding
of synthesis conditions and facilitating process optimization.®*

This study delved into investigating vacancy and antisite defect
concentrations in three phases, as illustrated in Fig. 5. The calcula-
tions employed atomic chemical potentials aligned with Lirich
synthesis conditions, incorporating an adjusted term for the oxygen
atomic potential. The predominant defects identified across all
phases were Li/TM intermixing (TM,), referring to Ni in LNO and
NC91, and Co in LCO, along with oxygen vacancy formation. Our
findings reveal lower defect concentrations in LCO compared to
LNO for both oxygen vacancy formation (V) and antisite formation,
affirming a higher predisposition for antisite formation in LNO
than in LCO.*"*" Specifically, the oxygen vacancy (Vo) concentration
in LCO is notably lower, 2 orders of magnitude less than in LNO
(10% vs. 10" defects per cm® at 1300 C). Additionally, the NiLi
antisite concentration in LNO is approximately three times higher
than the CoLi concentration in LCO (10" vs. 10" defects per cm® at
1300). These trends align with the previously observed higher
antisite defect formation energy and structural stability of pristine
LCO. The higher synthesis temperature decreases the activation
energy for defects, but the stronger Co-O interactions and stable
layered motif of LCO hinder defect formation.

For the 10% Co-doped NC91 material, no substantial
improvement in V, and NiLi defects was observed when com-
pared to LNO. The NiLi concentration increases from 10
defects per cm® in LNO to 10'® defects per em® in NC91,
indicating no stabilizing effect due to the 10% Co substitution.
However, the difference is marginal, corroborating the earlier
finding that this level of Co substitution doesn’t effectively
minimize antisite mixing. Similarly, the oxygen vacancy concen-
tration is not improved with a value of 10'° and 10"" defects per
em’® observed, suggesting that higher concentrations of cobalt
are required for maintaining oxygen stoichiometry.

3.4. Transport properties

The lithium-ion migration barriers were calculated using the
climbing image nudged elastic band (NEB) method to deter-
mine the energy profile along the migration pathway between
adjacent lithium sites in the cathode materials. One of the
pathways that has been identified for lithium migration in
layered transition metal oxides is tetrahedral site hopping
(TSH). Here, lithium migrates from an octahedral site to
another octahedral site via a neighboring tetrahedral site.®”
As depicted in Fig. 6, the migration barrier exhibits a decreas-
ing trend in the order of LCO > LNO > NC91.

The LCO possesses the highest migration barrier of 0.69 eV,
indicating facile lithium diffusion will be most difficult in this Co-
based cathode. This aligns with the observed high Li vacancy and
antisite defect formation energies and the structural stability of
undoped LCO. The strong Co-O bonding interactions and stable
layered structure likely impede Li mobility. In contrast, the Ni-rich
LNO exhibits a lower migration barrier (0.6 €V). The weaker Ni-O
interactions, lower Li vacancy formation energy and inherent
structural instabilities of LNO facilitate greater Li ion diffusivity.
However, the extent of cation mixing and oxygen loss risks in LNO
warrant caution. Intriguingly, the 10% Co-doped NC91 material
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Fig. 5 Equilibrium defect concentrations per volume (cm~%) under high-temperature conditions in (a) LCO; (b) LNO (c) NC91.

displays the lowest Li migration barrier of only 0.49 eV, signifying
enhanced lithium ion mobility compared to pure LNO and LCO.
The incorporation of Co achieves a balance between stabilizing the
layered structure sufficiently while still allowing Li conduction. This
corroborates the findings that minor Co doping reduces the pre-
valence of performance-limiting antisite defects and structural
changes in LNO.

The improved Li diffusivity and migration kinetics are
extremely advantageous for cathode charging-discharging pro-
cesses in lithium-ion batteries. Therefore, the combined results
strongly indicate 10% Co doping unlocks the potential of Ni-
rich cathodes by lowering the migration barrier to enable fast Li
mobility while mitigating structural instabilities. This explains
the observed high energy densities observed in NC91-based
chemistries such as reported by Susai et al.*” Further work is
warranted to investigate if slightly higher Co fractions can
optimize the trade-off between stability and Li conductivity.
Overall, these insights provide a compelling rationale for the
enhancements in electrochemical performance achieved via
minor Co substitution in Ni-rich layered oxide cathodes.

4. Conclusion

In summary, this work utilized first-principles DFT calculations to
provide valuable theoretical insights into the impacts of low-level

I
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=
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Images

Fig. 6 Lithium-ion migration barriers in LCO, LNO, and NC91 cathodes.
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cathode material. The structural characterization reveals 10%
Co incorporation preserves the layered a-NaFeO, motif without
significantly altering the lattice parameters or slab thickness
compared to undoped LNO and LCO. Examination of point
defects shows Co addition moderately decreases the formation
energies for lithium vacancies compared to LNO, suggesting
possible enhancements in capacity. Analysis of lithium migration
barriers reveals a significant lowering with Co doping, inferring
improved Li mobility in NC91 over LNO and LCO. This combi-
nation of mitigated antisite defects and enhanced Li conductivity
offers a compelling rationale for the electrochemical improve-
ments achieved through minor Co incorporation. The high-
temperature defect calculations provide further evidence that
more than 10% Co is required to substantially stabilize the Ni-
rich cathode against structural changes. Overall, these fundamen-
tal insights expand the theoretical understanding of strategies to
unlock the potential of Ni-rich Li-transition metal-oxide cathodes.
This work helps elucidate the mechanisms by which minor Co
additions enhance the performance of Ni-rich layered oxide
cathodes, paving the way for advanced Li-ion battery materials.
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