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Abstract: Li-rich layered oxide (LRLO) materials are promising positive-electrode materials for Li-ion
batteries. Antisite defects, especially nickel and lithium ions, occur spontaneously in many LRLOs, but
their impact on the functional properties in batteries is controversial. Here, we illustrate the analysis
of the formation of Li/Ni antisite defects in the layered lattice of the Co-free LRLO Li1.2Mn0.6Ni0.2O2

compound through a combination of density functional theory calculations performed on fully
disordered supercells and a thermodynamic model. Our goal was to evaluate the concentration
of antisite defects in the trigonal lattice as a function of temperature and shed light on the native
disorder in LRLO and how synthesis protocols can promote the antisite defect formation.

Keywords: lithium-rich layered oxides; Li-ion battery; density functional theory; materials
thermodynamics

1. Introduction

Computational techniques applied to study active components and processes in sec-
ondary aprotic batteries, such as Li-ion cells, are powerful tools used to evaluate the
underlying fundamental chemistry and electrochemistry [1–4]. Density functional theory
calculations are typically carried out to outline materials’ physico-chemical, thermal and
electrochemical properties, as well as thermodynamic stabilities and ionic or electronic
conductivities [4–7]. Overall, computational productions can pave the way for a rational
design of materials and can help the understanding of complex phenomena in batteries,
such as voltage hysteresis, voltage decay or anionic redox reactions in superlattices [8–10].

Current trends concerning the application of computational materials science to sec-
ondary battery research follow the parallel experimental material developments, thus
focusing on the redox-active components, either negative or positive electrodes, as well as
electrolytes and interfaces [11–16].

State-of-the-art positive-electrode materials used in Li-ion batteries are based on mixed-
transition-metal-layered oxides (TMLOs) [17–19]; this class of compounds is an excellent
example of stable and long-lasting redox-active intercalation materials. However, all TMLOs
suffer from a limited capacity, which is always below 160–180 mAhg−1, and typically contain
large amounts of cobalt, a well-known critical raw material [20,21]. Among the many possible
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alternatives to TMLOs, lithium-rich layered oxides (LRLOs) demonstrate outstanding im-
provements in terms of specific capacity, i.e., above 220–240 mAhg−1 [7,22–26]. Furthermore,
a careful balancing of the metal blend in the general Li1+xM1-xO2 (M = metal blend) stoi-
chiometry allows a complete Co removal from the phase, with minor effects on stability and
reversibility [23,27], despite the destabilization of the magnetic ordering and the induced
electronic disorder [7].

Similar to TMLOs, LRLOs are layered materials constituted by a regular stacking
along the c axis of planar atomic sheets, with the sequence M-O-Li-O. In the case of TMLOs,
the hexagonally packed M layer is occupied only by transition metals, whereas in the case
of an ideal LRLO mC24 monoclinic lattice, the atomic sites on the M layers are occupied by
a blend of metals (typically Mn/Ni/Co with minor dopants) surrounding lithium ions in
quasi-regular LiM6 hexagonal motifs. However, LRLO lattices are inherently disordered
and defective due to the peculiarity of their stoichiometry and structure [28,29], further
driven by the local fluctuations in the transition metals in the M layer. Thus, the ideal mC24
lattice incorporates large concentrations of 0D antisite defects (in-plane and out-of-plane)
mixing Li and TM ions, 0D voids (in both cationic and anionic sublattice) and 2D stacking
faults [23,30,31]. Such massive alteration in the monoclinic translational symmetry along
the (a,b) in-plane lattice vectors as well as along the c-stacking axis (ideal mC24 staking:
ABAB) results in an apparent trigonal lattice hR12 [28,30,32]. In fact, the hR12 prototype
structure is able to better mimic the quasi-random occupancy of atomic sites in the M layer
by Li and TM ions, as well as the occurrence of stacking faults in the ideal mC24, being the
hR12 staking sequence ABCABC [7,25,28,32–37].

Whereas in-plane M/Li antisites break the monoclinic symmetry, off-plane antisite
defects, which switch transition metals from the M layer with lithium ions from the Li layer,
can alter remarkably the physico-chemical properties of the lattice [30,38–43]. In particular,
Ni2+ ions are dimensionally very similar to Li+ ions (0.69 vs. 0.76 Å, respectively), compared
to Co3+ (0.6 Å), Mn4+ (0.53 Å) or Fe3+ (0.55 Å), thus making likely their antisite switch with
Li+ thanks to the minor steric distortions in the surrounding coordination shell [41,42].

Generally speaking, antisite defects occur in an alloy or ordered compound when two
different types of atoms sitting in different atomic sites of the crystal structure switch po-
sitions [44]. In LRLOs, the occurrence of small concentration of Ni/Li antisites helps
the structural resilience of the lattice under large de-intercalation of Li+ ions, above
0.6–0.7 equivalents. In the literature, this beneficial effect is known as the pillar effect [45]
and can help increase the reversible specific capacity upon cycling in batteries. On the
other hand, at large concentrations, the presence of Ni2+ ions in the Li+-ion layers can
modify the ion diffusion in the material, leading to possible kinetic barriers to the de-
intercalation/intercalation [41,42,45].

In this communication, we present a thermodynamic analysis concerning the out-
of-plane Ni/Li antisite defect formation in a Co-free LRLO material, with stoichiometry
Li1.2Ni0.2Mn0.6O2, derived using first-principles calculations based on the density func-
tional theory (DFT). Starting from an hR12 unit cell [23,24], here we studied a 5x2x1 supercell
containing 120 atoms (Li36Ni6Mn18O60, namely LNM, having a stoichiometry equivalent
to Li1.2Ni0.2Mn0.6O2) as shown in Figure 1a. This 5x2x1 hR12 superstructure consisted of a
regular ABC stacking of almost-planar layers containing Li/O/M/O species, respectively
(M = weighted blend of Li/Mn and Ni atoms); this superstructure is free from out-of-plane
Ni/Li antisite defects, whereas the M layer is fully disordered, randomly mixing Mn/Ni
and Li ions. The occurrence of out-of-plane Ni/Li antisite defects is therefore mimicked by
switching Ni and Li close pairs.

Our goal is to outline the fundamental thermodynamics of the antisite defect forma-
tion, their impact on the electronic properties, local coordination environment as well as
lattice stability. Starting from DFT calculations, here we illustrate the evolution at a finite
temperature of the antisite concentration; this information can help in a rational evaluation
of the impact of high-temperature annealing on the defectivity of LRLOs.
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It is important to underline that Ni/Li antisite defects can form in any layered lattice
where Ni2+ ions are present, due to the similar ionic radium compared to Li+. In this respect,
this study sheds light on a structural feature also common in other usual LRLO stoichiometries,
such as the nickel-rich ternary LiNixCoyMnzO2 (NCM; 0.5 ≤ x < 1, x + y + z = 1) [46,47].
Furthermore, antisite disorder can also play a relevant role upon cycling in many layered and
LRLO cathodes for LIBs. In fact, Ni/Li switch defects can also occur in parallel to other possible
degrading mechanisms that affect LRLOs in batteries [48], such as side reactions between
LRLO oxides and the aprotic electrolytes [49], the surface crystallographic reconstruction
during repeated de-insertion/insertion cycles [50] and the pulverization of the secondary
particle agglomerates [51].

2. Methods
2.1. Computational Method

All calculations were performed with the Vienna Ab-initio Simulation Package (VASP),
which performs periodic ab initio quantum mechanical calculations within the Kohn–Sham
DFT [44,45] framework, with projector-augmented wave potentials and plane wave basis
sets. We applied the generalized-gradient approximation (GGA) [46] with the exchange–
correlation density functional by Perdew, Burke and Ernzenhof (PBE) [47].

We used the DFT + U method [48], which has been extensively validated for correcting
large self-interaction errors in transition-metal oxides [49], caused by the approximate
form of standard exchange–correlation density functional when applied to strongly local-
ized unpaired electrons such as in the d manifold of Ni and Mn. An effective value of
U–−J = 4.00 eV was used for all Co, Ni and Mn d electrons. This value is an average of the
values of Mn and Ni reported from ab initio UHF calculations and was recently validated
by us for LiMO2 layered phases (M = Ni, Mn) [4]. We used a kinetic energy cut-off of 520 eV
and a Γ-centered k-point mesh at Γ. We optimized the structural parameters of supercells by
relaxing iteratively the ion positions and the cell lattices without any symmetry constraints
until the residual force on each atom was <0.01 eV Å−1.

The structure of non-defective Li-rich layered oxides (LRLOs) with the formula
Li1.2Ni0.2Mn0.6O2 (LNM) was built starting from the hR12 prototype unit cell and us-
ing a 5x2x1 supercell. To model transition-metal disorder in a multicomponent TM layer in
the LNM supercell, we adopted the special quasi-random structure (SQS) approach [50–52];
this method allowed us to model a random solid solution in a supercell of the desired
size by mimicking random correlation functions through nearest-neighbor, next-nearest-
neighbor interactions and so on. The SQS method relies on the cluster expansion (CE)
formalism proposed by Mayer [53]. We used the ATAT suite (Alloy Theoretic Automated
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Toolkit) that exploits an SQS-based algorithm in search for a fully randomized distribution
of Ni, Mn and Li ions in the TM layers within the LNM supercell [54].

The antisite defect formation was mimicked by switching one nickel atom in the TM
layer with one lithium atom in the Li layer in the supercell. Within the LNM supercell,
there were six inequivalent Ni atoms that could switch position with the six close-neighbor
lithium atoms on the closest Li layer (three Li+ on the upper Li layer and three Li+ on the
lower Li layer, stacked along the c axis). Thus, besides the pristine defect-free supercell,
we computed 36 defective supercells, each with a single antisite defect. All configurations,
without and with antisite defects, were relaxed with respect to cell parameters and atomic
positions to find the corresponding ground-state structure.

Overall, by assuming an hR12-based supercell with random occupancy of the transition-
metal layer, our approach allowed us to model explicitly the formation of an antisite defect
in a realistic LRLO lattice.

2.2. Thermodynamic Model

Starting from the cohesion energetics calculated at the DFT level of all supercells, it
was possible to calculate the energy of formation of the nickel/lithium antisite defects (∆ f E)
by evaluating the energy variation between the defective supercell and the defect-free one,
following Equation (1):

∆ f E = ENii/Lii − ELNM −
4

∑
i

∆niµi + qεF (1)

where E indicates the cohesion energies obtained from DFT calculations: in particular,
ENii/Lii is the energy of the defective structure and ELNM the non-defective one; ∆ni is
the change in the number of atoms of the i-th species contained in LRLO caused by the
formation of the defect; µi is the chemical potential of the i-th species contained in the
studied compound; and qεF is the product between the charge introduced into the structure
due to the formation of the defect and the level of restraints of LRLO. The formation of
antisite defects does not alter the number of atoms or electrons in the structure; therefore,
the antisite defect formation energy can be simplified as follows:

∆ f E = ENii/Lii − ELNM (2)

The dependence of the concentration of the antisite defect on the temperature can be
modeled assuming a simple thermodynamic model assuming that the occurrence of Li/Ni
switches follows a Boltzmann statistic. Generally speaking, for any crystalline structure,
a formation equilibrium can be written for any defect. For antisite defects, the formation
equilibrium can be represented by Equation (3):

Cell ↔ (LiNi)
− + (NiLi)

+ (3)

where Cell is the non-defective structure (LNM), (LiNi)
− is the negatively charged antisite

defect generated by the occupancies of a Li+ ion in a –2-charged nickel vacancy, and (NiLi)
+

is the positively charged antisite defect generated by the occupancies of a Ni+2 ion in a
+1-charged lithium vacancy. In a Ni/Li exchange, the defects (LiNi)

− and (NiLi)
+ occur

simultaneously, and therefore two antisites do not alter the number of electrons in the
crystal lattice, only their distribution. For the equilibrium just described, it is possible to
write an equilibrium constant, as shown in Equation (4):

K =

n
(LiNi)

−

Vcell
∗

n
(NiLi)

+

Vcell
nNi
Vcell
∗ nLi

Vcell

=
C(LiNi)

− ∗ C(NiLi)
+

CNi ∗ CLi
=

C2

CNi ∗ CLi
(4)

where n(LiNi)
− is the number of Li antisite defects, n(NiLi)

+ is the number of Ni defects, nNi is
the number of Ni atoms that occupy the lattice nodes within the TM layer, nLi is the number
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of Li atoms that occupy the lattice nodes within the Li layer, Vcell is the average volume of
the supercell, and C is the corresponding defect/atom concentration. In particular, C is the
concentration per volume of defects, whereas CNi and CLi are the concentration per volume
of nickel and lithium atoms, respectively, occupying their “perfect” crystal atomic site
(i.e., CNi = 0.0056 A−3 and CLi = 0.0284 A−3). Under equilibrium conditions, the concen-
tration of antisite defects per unit volume can be related to the defect Gibbs energy of
formation through the equation:

C(T) =
√

CNi ∗ CLiexp
(
−

∆ f G
2RT

)
(5)

where C(T) is the defect concentration per volume as a function of the temperature. ∆ f G is
the defect formation free energy change that can be approximated by Equation (6):

∆ f G =
∑36

i=1 ∆ f Ei

36
∗ NA − T·∆con f S (6)

as the mean among the energy of formation of the 36 defective configurations (see above)
and under the assumption of negligible differential thermal effects [7,55]. The term ∆con f S is
the variation in the configurational entropy induced by the formation of the antisite defect.
By considering the LRLO supercell atomic composition (see above in the methodological
section), the variation in the configurational entropy is given by:

∆con f S = Scon f ,de f ective cell − Scon f ,de f ect− f ree cell (7)

where Scon f ,de f ective cell is the configurational entropy of the defective supercell, and
Scon f ,de f ect− f ree cell is the configuration entropy of the defect-free supercell, given by

Scon f ,de f ect− f ree cell = −R·
(

6
30

ln
6
30

+
6

30
ln

6
30

+
18
30

ln
18
30

)
(8)

Scon f ,de f ective cell = −R·
(

7
30

ln
7

30
+

5
30

ln
5

30
+

18
30

ln
18
30

+
1

30
ln

1
30

+
29
30

ln
29
30

)
(9)

where R is the gas constant. The resulting change in the configurational entropy is
∆con f S = 1.1 J K−1mol at−1, and it is, by definition, temperature-independent.

3. Results

Despite the absence of imposed symmetry or other computational constraints during
electronic and structural relaxations, the defect-free LRLO structure preserved its trigonal
lattice, as shown in Table 1, where the modeled crystallographic properties are compared
to the experimental data. The relaxed structural parameters have been reduced to the hR12
unit to facilitate the comparison.

Computational predictions of the cell parameters agree within 1.5% with respect
to experiments and calculations [7], thus confirming the accuracy and reliability of our
modeling approach. The analysis of the magnetic moments of transition metals summarized
in Table 1 allows us to shed light on their corresponding oxidation states. The majority
of Ni ions can be assigned to a +2 oxidation state in a low-spin (LS) configuration, with a
moderate atomic fraction of 16.7% of Ni ions showing +3 oxidation state in the LS electronic
configuration. The magnetic moments on Mn mainly suggest a +4 oxidation state in the
high-spin (HS) electronic configuration, apart from a minor fraction (atomic fraction of
5.56%) showing a +3-oxidation state in the HS configuration. Both Ni3+ and Mn3+ are Jahn–
Teller (JT) ions [52]. The electronic structure underneath the local octahedral coordination
MO6 in the hR12 lattice is represented by the occupancy of the t2g and eg bands in the
crystal field. In particular, eg orbitals overlapped the transition metal dz2/dx2-y2 and the
oxygen p states. The pictorial representation of the occupancy of the t2g and eg orbitals
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is presented with the JT and non-JT octahedra in Figure 1b,c. In both JT (Ni3+)O6 and
(Mn3+)O6 octahedra, the partial occupancy of the eg orbitals led to the alteration in the
oxygen–metal bond lengths compared to the non-JT configurations; as expected, our model
suggests that axial bond lengths elongated, whereas the four equatorial bond lengths
shrunk, as shown in Figure 1b,c. It is important to underline that the occurrence of JT
defects was an additional source of local modulations’ bond lengths and coordination shells
that further contributed to the structural disorder within the LRLO lattice.

Table 1. Computed structural parameters and electronic structure analysis of the magnetic moments
in the optimized defect-free LNM phase: weighted means of µNi and µMn and values for Jahn–Teller
centers. The experimental values are reported in parentheses.

Rhombohedral Unit Cell Parameters

LNM Defect-Free (Unit Cell Angles α = β = 90◦, γ = 120◦)

a (Å) 2.930 (2.907) [7]

c (Å) 14.22 (14.498) [7]

V(hR12) (Å3/f.u.) 35.26 (35.36) [7]

Electronic Structure: Magnetic Moments

µNi
Mean value: 1.555 µB (i.e., Ni2+)

16.7% of nickel ions show 1.001 µB (i.e., Ni3+; Jahn–Teller)

µMn
Mean value: 3.249 µB (i.e., Mn4+)

5.56% of manganese ions show 3.890 µB (i.e., Mn3+; Jahn–Teller)

The electronic structure of the defect-free LNM lattice is shown in Figure 2 in terms
of atomic projected density of states (PDOS). The defect-free LNM supercell showed a
zero-bandgap semiconductor character and a strong hybridization of Ni d states and Mn d
states at the Fermi energy with the p states of the oxygen anions.
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Starting from this defect-free LNM supercell, we computed the stability of all the
36 defective configurations where a nickel atom in the TM layer was switched with a
Li atom in the Li layer (see above for more details), as pictorially represented in Figure 3,
where the defect formation energy ∆ f E of each configuration is also shown.
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The six atomic sites occupied by nickel ions in the non-defective supercell (Ni1 to 6)
were homogeneously distributed in pairs on the three TM layers (TM1, TM2 and TM3, see
Figure 3), staked along the c axis. Each antisite switch can occur by exchanging one nickel
ion with one of the six Li+ first neighbors distributed on the two vicinal Li layers, three
above and three below.
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From a thermodynamic point of view, all 36 antisite defective configurations were less
stable than the parent antisite-free LNM supercell. The average energy of formation of the
antisite defect was therefore positive, in line with previous studies on similar structures
already present in the literature [34]. The formation energy of a single antisite defect in the
supercell ranged between 0.17 and 1.37 eV, and the corresponding mean antisite formation
energy was ∆ f E = 0.62 eV.

The largest defect formation energies were given by the six switches of Ni6, which
is a JT Ni3+ center. This effect was expected since the Ni3+ ion has an ionic radium of
0.56 Å, much smaller compared to both Li+ and Ni2+, i.e., 0.69 vs. 0.76, respectively [53,54].
In fact, to accommodate the larger Li+ in the small Ni3+ interstice to form the antisite,
the surrounding oxygen coordination shell needs to expand, while losing the coulombic
stabilization provided by the 3+ charge [55]; this combination of a steric and electrostatic
effect is poorly counterbalanced by the accommodation of the smaller Ni3+ in the large
interstice of the Li+, thus leading to a remarkable destabilization of the lattice.

On the other hand, Ni3 showed the lowest defect formation energy; this favorable
energetics is apparently related to the composition of the second-neighbors coordination
shell on the metal-layer close to the nickel atomic site. In fact, the Ni3 atomic site was sur-
rounded by Mn (66.67%) and Li (33.33%) atoms, whereas for all the other Ni1,2,4,5,6 centers,
at least one other Ni atom was found in the second-neighbors coordination shell. Given
the peculiar coordination shell of Ni3, only a negligible structural distortion occurred after
the formation of the antisite defect, resulting in a null variation in all octahedral LiO6 and
NiO6 bond distances.

Overall, considering all the 36 defective configurations, the mean change in the su-
percell volume induced by the defect formation was 0.03%, thus suggesting a negligible
volumetric effect. This computational evidence unavoidably implies an elusive impact of
the formation of antisite defects on the elastic scattering of light, thus making difficult their
identification and quantification by X-ray diffractometry (XRD), a typical technique used
to quantify antisite concentrations [38,39,56,57].
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The formation of antisite defects slightly alters the electronic structure of the materials
at the Fermi energy; an example of the electronic structure of a defective LNM supercell is
shown in Figure 4.
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Overall, the electronic structures were very similar in the defect-free and defective
supercells apart from a minor feature close to the Fermi energy. Apparently, all defective
structures showed a small bandgap of approximately 10–15 meV (see the inset of Figure 4),
whereas the defect-free cell was a zero-bandgap material (see Figure 2). This computa-
tional prediction suggests a possible slight decrease in the electronic conductivity of LRLO
induced by large antisite defectivity.

4. Discussion

The energetics of formation of antisite defects allow us to model the equilibrium
concentration as a function of the temperature. The temperature trends of the antisite
defect concentration normalized by the cell volume (Cantisite(Å−3)) or by formula unit
(Cantisite(f.u.−1)) are shown in Figure 5.

To facilitate the comprehension of defect concentration and correlate it with structural
parameters, we also estimated the mean distance between multiple antisite defects and the
fraction of nickel ions that occupied an antisite position, instead of the expected crystallographic
site. The estimate of the closest distance 〈d〉 between multiple antisite pairs is given by:

〈d〉 ∼ a/A
3
√

C(T)/A−3·V(hR12)/A3
(10)

where a/A is the corresponding hR12 lattice constant, V(hR12) is the hR12 cell volume, and
C(T) is the numerical defect concentration per A3. Equation (10) can be derived by considering
that the defect concentration per hR12 unit cells is C(T)/hR12−1 = C(T)/A−3·V(hR12)/A3,
and the number of hR12 unit cells per defect is its reciprocal (NhR12(T) = 1/

(
C(T)/hR12−1)).

Once NhR12(T) is derived, by assuming a cubic 3D packing of hR12 cells to form a finite volume
of crystal containing a single defect, the closest distance can be obtained by Equation (10),
considering that the c cell constant along the stacking axis is much larger compared to the
in-plane a lattice parameter.
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The fraction of nickel ions that occupied an antisite position instead of the expected
crystallographic site (χNi,antisite) is given by:

χNi,antisite =
C(T)
CNi

(11)

where CNi = 0.0056 A−3 is the concentration per unit volume of the nickel atoms in the
LRLO structure.

Crystals 2022, 12, x FOR PEER REVIEW  9  of  13 
 

 

considering that the defect concentration per hR12 unit cells is  ሺܶሻܥ ݄ܴ12ିଵ ൌ⁄ ሺܶሻܥ Åିଷ⁄ ∙
ܸሺ݄ܴ12ሻ Åଷ⁄ , and  the number of hR12 unit cells per defect  is  its reciprocal  ( ௛ܰோଵଶሺܶሻ ൌ
1 ሺܥሺܶሻ ݄ܴ12ିଵ⁄ ሻ⁄ ). Once  ௛ܰோଵଶሺܶሻ  is derived, by assuming a cubic 3D packing of hR12 

cells to form a finite volume of crystal containing a single defect, the closest distance can 

be obtained by Equation (10), considering that the c cell constant along the stacking axis 

is much larger compared to the in‐plane a lattice parameter. 

The fraction of nickel ions that occupied an antisite position instead of the expected 

crystallographic site (߯ே௜,௔௡௧௜௦௜௧௘) is given by: 

߯ே௜,௔௡௧௜௦௜௧௘ ൌ
ሺܶሻܥ

ே௜ܥ
  (11)

where CNi = 0.0056 A−3 is the concentration per unit volume of the nickel atoms in the LRLO 

structure. 

 

Figure 5. Concentration of the antisite defects in the LRLO lattice normalized (a) by formula unit 

(Cantisite(f.u.−1)) by volume of cell (Cantisite(Å−3)) or (b) by volume of cell (Cantisite(Å−3)) as a function of 

the temperature. (c) Estimated mean distance between antisite defects and (d) fraction of nickel ions 

in the LRLO phase that occupied an antisite position. 

The  analysis of  the  formation of  the Ni/Li  antisite  in LRLOs  as  a  function of  the 

temperature shows that, in the typical conditions of synthesis of these mixed oxides (700–

1000 C), their concentration is very high, affecting approximately 15% of the total nickel 

atoms in the structure at 900 °C. As a consequence, at T > 1000°C the distance between 

multiple  antisite  pairs  falls  below  10 Å.  This  picture  unavoidably  leads  to  extended 

antisite defectivities occurring in LRLO materials annealed and quenched from T > 800 to 

900°C, whereas  slow  cooling  rates  likely  lead  to  thermalization  and  limited  antisite 

concentrations.  In  this  respect,  a  fine‐tuning  of  the  synthesis  conditions  allows  for 

remarkable control of intrinsic native antisite concentration in the LRLO lattice. However, 

the very weak variation in lattice constants induced by antisites makes their quantification 

by XRD difficult, whereas neutron diffraction or X‐ray absorption spectroscopy can be 

valuable experimental  tools  to evaluate antisite concentrations, both being much more 

sensitive techniques than XRD in charging alterations close to the metal centers. 

Figure 5. Concentration of the antisite defects in the LRLO lattice normalized (a) by formula unit
(Cantisite(f.u.−1)) by volume of cell (Cantisite(Å−3)) or (b) by volume of cell (Cantisite(Å−3)) as a function
of the temperature. (c) Estimated mean distance between antisite defects and (d) fraction of nickel
ions in the LRLO phase that occupied an antisite position.

The analysis of the formation of the Ni/Li antisite in LRLOs as a function of the temper-
ature shows that, in the typical conditions of synthesis of these mixed oxides (700–1000 ◦C),
their concentration is very high, affecting approximately 15% of the total nickel atoms in the
structure at 900 ◦C. As a consequence, at T > 1000 ◦C the distance between multiple antisite
pairs falls below 10 Å. This picture unavoidably leads to extended antisite defectivities
occurring in LRLO materials annealed and quenched from T > 800 to 900◦C, whereas
slow cooling rates likely lead to thermalization and limited antisite concentrations. In this
respect, a fine-tuning of the synthesis conditions allows for remarkable control of intrinsic
native antisite concentration in the LRLO lattice. However, the very weak variation in
lattice constants induced by antisites makes their quantification by XRD difficult, whereas
neutron diffraction or X-ray absorption spectroscopy can be valuable experimental tools to
evaluate antisite concentrations, both being much more sensitive techniques than XRD in
charging alterations close to the metal centers.

It is important to stress that on the one hand, the occurrence of a large concentration
of intrinsic Ni/Li antisites can have a detrimental impact on ion transport properties
in the lattice, possibly limiting the mobility of Li+ ions due to the steric hinderance of
Ni2+/Ni3+ ions in antisites. On the other hand, the presence of Ni2+/Ni3+ ions in the Li
layer unavoidably contributes to the so-called pillar effect [45] that stabilizes the de-lithiated
lattice in highly oxidized conditions, such as the charge state in lithium batteries. This
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beneficial effect facilitates a reversible lithium-ion de-insertion/insertion, likely improving
the specific capacity and the capacity retention upon cycling. In the experimental literature,
the balancing between these two effects is under debate [30,41–43,45], and in consideration
of the very diversified possible compositions of LRLOs, it is likely that different balancing
between “pillar effect stabilization” and “obstacles to ion diffusion” can occur.

As a final comment, we may speculate about a possible strategy to control or minimize
the Ni/Li antisite formation. It is likely that the substitution of Mn4+ ions in the TM
layer with other larger 4+ cations, even if they are redox-inactive, can mitigate the antisite
disorder. In fact, the addition of larger cations in the TM layer can indirectly shrink the
NiO6 octahedra, thus making less favorable the Ni/Li switch.

5. Conclusions

In this manuscript, we illustrated and discussed Ni/Li antisite defect formation in
Li1.2Ni0.2Mn0.6O2 by first-principle calculations. The Ni/Li antisite switches occurred in
LRLOs, driven by the size similarity of the Ni2+ and Li+ ions. DFT calculations performed
on disordered supercells using the GGA + U method were combined in a simple thermody-
namic model to evaluate the temperature dependance of the antisite defect concentration in
the lattice and their minimal distance. Our model suggests that Ni/Li switches are likely to
occur above 700–800 ◦C, with the estimated fraction of Ni atoms in antisite crystallographic
positions being as large as 15% at 1000◦C. Our prediction can support the identification
of experimental conditions needed to control the native concentration of intrinsic Ni/Li
antisite defects in the LRLO lattice by a fine-tuning of the synthesis parameters. In this view,
further experimental or computational studies concerning the impact of native defectivity
on the resilience of the LRLO lattice upon lithium de-intercalation are required to decouple
the balancing between the beneficial “pillar effect” and the negative hinderance on the
lithium transport properties induced by antisites.
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