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A new superstructure of layered pristine LiNiO, (LNO) was obtained by first replicating 16 times the
optimized structure of the 12-atom primitive cell of the R3m space group and then relaxing both cell
parameters and internal positions. The structural optimization is accompanied by a very significant
lowering of the internal energy. The R3m space group is the space group observed experimentally by
XRD. In contrast to the structure commonly proposed in the literature, this new crystal structure, which
still belongs to the R3m space group, shows size and charge disproportionation of the NiOg octahedra.
The charge disproportionation results in a change in the Ni oxidation state from Ni** calculated in the
12-atom primitive unit cell, to Ni** and almost Ni?*. This is the first time that such charge
disproportionation has been calculated for the R3m crystal structure of LNO. The Ni-O bond length dis-
tribution of the new structure agrees well with experimental values. Our results show that the choice of
the simulation unit cell is important for determining the energetics of this class of oxide material,
proposed for cathodes in lithium ion batteries (LIBs). We used this new structure as a template for the
study of the structural and electronic changes induced by delithiation and by Mn for Ni cation substitu-
tion, originating the solid solutions LiNi,Mn_,,O, (LNMO). Our results, surprisingly, agree well with exist-
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1. Introduction

The transition to a green economy and environmental protec-
tion needs the development of new Li-ion batteries with higher
energy density, faster recharge, and greater safety. Layered
oxides have been the materials of choice for cathodes in Li
ion batteries. The cathodes of commercial Li ion batteries are
made of LiCoO, (LCO) and contain cobalt, a rare and toxic
element. The theoretical capacity of LCO is 270 mA h g™ ',
which reduces to an actual reversible charge capacity of about
145 mA h g~ '? because of thermal instability issues. As a
consequence, LCO needs to be substituted for large power
applications. In the last few years, a renewed interest in the
isostructural LiNiO, (LNO) compound, based on the alternative
nickel transition metal, has emerged.’ This layered material is
attractive since it has a lower cost for the same theoretical
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ing experiments and explain observed trends better than previous studies.

energy density as LCO. However, despite much research effort
being devoted to this material, it has not yet been commercia-
lized because of its many drawbacks.

First, despite much care during synthesis, the material turns
out to be always nonstoichiometric with Ni ions occupying Li
sites, so the compound is actually Li; ,Ni; O, with x ranging
typically between 2% and 10%." The off-stoichiometry is
thought to be due to the similarity of the Ni** and Li*
ionic radii (n(Ni*") = 0.69 A, r(Li") = 0.76 A). LNO stabilizes in
the rhombohedral R3m Bravais lattice® despite a number of
first-principles calculations having found monoclinic crystal
structures to be the ground states for the layered crystal
structures.®”

Other instabilities arise during the battery charge-discharge
cycles, in the form of phase transitions, in which Li-Ni cation
mixing leads to the formation of a spinel (LiNi,O,) phase and/
or rock-salt-type phases.®>® Other forms of instability include
surface reactivity affecting the electrode-electrolyte interface
with the formation of NiO.'®'" Another critical factor governing
the degradation of LNO is the multistep phase transformation
process occurring on Li insertion/extraction. Four different
phases have been described in the literature, namely the
hexagonal H1, the monoclinic M, the hexagonal H2, and the
hexagonal H3 phases,>*'>™™* where the H2-H3 transformation
at a high state of charge (4.15-4.25 V) has the strongest negative
effect on the intrinsic stability of LNO, as it is accompanied by a
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sudden collapse of the structure along the crystallographic c-
axis."”

Despite the large number of studies, the structure of LNO at
full Li content is still a subject of considerable debate. The
structure determined experimentally is rhombohedral, of R3m
symmetry, with O3 stacking, where the oxygen atoms occupy
the 6c sites, and lithium and nickel occupy the octahedral 3a
and 3b sites.'® In this structure, the Ni cations are supposed to
have Ni*" oxidation states in a low-spin configuration, with a
single electron in the e, orbital. This electronic configuration is
subject to Jahn-Teller (JT) distortion of the NiOg octahedra,
which has been measured through EXAFS and neutron
diffraction.'®'” The measurements support the JT distortion:
four bond lengths are grouped as long bonds (2.04 A and 2.06 A
with an average length of 2.05 A) and short bonds (1.90 A and
1.96 A with an average length of 1.93 A) suggestive of the 2:1
ratio of short-to-long bonds expected for JT distortion. How-
ever, the measurements did not indicate the existence of long
range order. Indeed, a collective distortion has not been
observed for LNO, as is the case for LiNaO,, so it has often
been assumed that in LNO the JT orbitals are randomly
oriented. Experiments later excluded a random arrangement,
pointing, instead, to some sort of local ordering of a trimer
kind with the three 3d,._,.s orbitals pointing towards the
shared oxygen site."®'® First-principles calculations have con-
firmed that JT-distorted configurations of NiOg octahedra in
LNO are more stable than the R3m undistorted structure. Chen
et al. have compared the energies of differently oriented JT-
distorted phases, finding that the structure of the P2,/c space
group with JT-distorted octahedra in a zig-zag arrangement is
more stable than the C2/m structure with a collinear
arrangement.” A similar result was obtained by Das et al.®
and Zhang et al.'® However, the zig-zag arrangement of the
octahedra has been excluded by experiments, which always
finds the rhombohedral R3m symmetry for the complete
lithiated phase. Nowadays, a non-cooperative and dynamic JT
effect is generally accepted for LNO,>?° although disproportio-
nation based on Ni-O bond lengths has also been argued.'
From the measured Ni-O bond lengths and by comparing them
with other nickelates, competition between charge ordering
and orbital ordering for the ground state is expected for LNO.

In this paper, we intend first to revisit the problem of the
LNO structure using highly accurate first-principles calcula-
tions. All the simulations of recent years studying doping and
defects in LNO invariably assume pristine LNO model struc-
tures containing only Ni** cations. In this paper, we show that
the structural optimization of a large supercell of the R3m space
group for layered LNO leads to an ordered crystal structure
again belonging to the R3m space group, but presenting struc-
tural and charge disproportionation. Structural optimization
leads to a large energy gain, much larger than the energy gain
obtained for the C2/m monoclinic space group in a similarly
large supercell. The monoclinic crystal structure has still a
lower energy than the hexagonal one, but the difference
between their energies becomes much smaller. This result is
obtained for pristine LNO without Ni in the Li layers. The new
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ordered crystalline structure presents properties in nice agree-
ment with the experimental data and, when delithiated, can
explain the driving force behind the observed H1 to M phase
transition.

As shown here, the issue of the choice of the unit cells for
calculating the energy of different crystal structures of the LNO
layered system is a delicate one since their formation energies
and their relative values are usually used to calculate the phase
diagrams and voltage-capacity curves through the cluster-
expansion (CE) method.*** In this method, the energies of a
large number of Li,NiO, ordered crystal structures in small unit
cells are calculated and fitted to extract the cluster (pairs,
triplets, and quadruplets formed by lattice points) contribu-
tions to the energy. In a given ordered crystal structure, each
cluster is associated with a “correlation function” calculated by
associating each lattice point with a “spin” value dependent on
the actual ion occupying that lattice point. This paper shows
that, at least in the case of LiNiO,, the choice of the basic cells
needed to calculate the input total energies for CE may have a
great influence, not only on the determination of the ground
structures and phase diagrams, but also on the structural,
electronic, and magnetic properties associated with the input
structures.

Since LNO suffers from the above-mentioned structural
instabilities and maintaining structural stability during cycling
is critically important to achieve a long-term cycling perfor-
mance, the new crystalline structure is used to study the
properties of Mn-modified LNO. Indeed, the instability of
LNO has originated research efforts aimed at stabilizing the
material through the addition of other metal cations. Other
layered oxides with general LMO formula have been synthe-
sized in which M stands for other transition metals inserted in
partial substitution of Ni to reduce the quantity of cobalt.”***
Among these promising layered oxide compounds is nickel-rich
NMC, where N stands for nickel, M for manganese, and C for
cobalt. To eliminate cobalt, layered Li,Ni;_,,Mn,0, (LNMO)
solutions have been synthesized and tested. Only few
papers have focused on the LNMO material system. Layered
manganese-substituted LiNig; _,)Mn,O, solid solutions can only
be formed when x is less than 0.5 and they have the same
a-NaFeO, layered structure as R3m LNO in a nickel-rich regime
(x < 0.5). For x > 0.5, a phase transition occurs to a cubic
spinel symmetry. In most LNMO samples, some Li is found in
the transition metal layer, Liry, hence the solution is indicated
as Li[Ni,Li;; 5x)3MN(_43]0, (0 < x < 0.5). Manganese incor-
porated in pristine LNO, Li(Ni(;_xMn,)O,, has been found in
the tetravalent Mn*" oxidation state,>>2® so that more Ni**
cations are supposed to be generated to conserve the charge,
in the fully lithiated solid solutions Li(Niy Ni};,,Mny)0,.>
Obviously, this consideration stems from the assumption that
in lithiated LNO all the Ni cations are Ni*", an assumption
which is challenged in the present paper.

The presence of Mn was also found to induce an increase in
Li/Ni cation mixing. The lithium ions in the transition metal
layer, Liry, are electrochemically active, resulting in the crea-
tion of tetrahedral sites for lithium occupancy when, during

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cathode charging, Liry are removed.”® First-principles calcula-
tions have shown that the Li/Ni exchange promoted by Mn
tends to increase the activation energy for Li ion diffusion.?®
Other authors®® have pointed out that the formation energy of
an extra Ni defect in the Li layer in LiNiy sMn, 50, increases in
the presence of a high-valence Mn** dopant. This fact, together
with the observation that the presence of Mn*" reduces Ni** to
Ni**, thus reducing the lattice distortion due to the Ni*" JT
effect, is thought to be at the origin of the observed stabili-
zation of the crystal structure.

In this paper, we model pristine layered LNMO (e.g. without
Lipy or other kinds of defects) using large optimized supercells
of pristine LNO of R3m space group. The aim is to study the
evolution of the structural and electronic properties of the solid
solutions versus Mn content and to investigate the effects of Mn
introduction, in substitution of Ni, on the structural and
electronic properties of the delithiated structures. Our study
confirms that Mn ions are predominantly in the Mn** state and
thus, do not participate in the redox reactions occurring during
delithiation. They have, however, a role in determining the
oxidation states of the Ni ions, and thus, of the Ni**/Ni*" and
Ni**/Ni** redox couples which determine the battery charge and
discharge potentials, and the intercalation voltage curves.

2. Computational method

Total energy calculations were performed within the spin-
polarized density functional theory (DFT) approach using the
plane-wave pseudopotential method as implemented in the
Quantum Espresso Package.®! The exchange and correlation
density functional was expressed through the GGA approxi-
mation of Perdew-Becke-Ernzerhof (PBE).>> We used norm-
conserving (NC) pseudopotentials and all plane waves with
energy less than 80 Ry were included in the basis set. The high
cutoff of 80 Ry ensured good convergence of the total energies.
The Hellman-Feynman forces were converged to 0.005 eV A",
The rotationally invariant scheme proposed by Dudarev et al.**
was used to include an energy term based on the Hubbard
U model, facilitating electron localization in the transition
metal d orbitals. We chose U = 3 eV since using this value,
the calculations predicted structural, magnetic and electronic
properties of LiNiO, and LiMnO, in the rhombohedral (R3m),
monoclinic (C2/m), spinel (Fd3m), and orthorhombic (Pmmn)
crystal structures in reasonable agreement with the available
experiments. We also checked other values of U and found that
the physical interpretation of the results was not affected
substantially. As shown in Fig. 1, the only relevant effect of
the value of U on the total density of states (TDoS) of rhombo-
hedral layered LiNiO, in its primitive unit cell, is to push the
energy of the empty states upward and, in this specific case, to
widen the gap between the spin-down bands. However, in this
paper, we are interested in ground-state properties, while
experimental energy gaps are better predicted by excited-state
theories. Evidence that the results of the calculations do not
depend strongly on the U value is also given in the literature.**

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

12 atom cell
150 ——F——T——T 71

— T T T T T T
B u=3 ev

7.5

0.0

states/eV)
~
(6)]

— -15.0
15.0

TDoS

7.5

0.0

-15.0

E-E; (eV)
Fig. 1 Effect of U on the TDoS of LNO.

The calculation of the mixing energy against phase separa-
tion in a completely lithiated and completely delithiated phase
was used to compare the stability of structures on the same
lattice with different numbers of Li vacancies. The formula
used to calculate it is:

Emixing = E(Li,NiO,) — XE(LINIiO,) — (1 — x)E(Ni0,) (1)

where, E(LiNiO,) is the total energy of the fully lithiated
structure, E(Li,NiO,) is the total energy of the structure with
lithium concentration x; and E(NiO,) is the total energy of the
fully delithiated structure. We consider only the internal energy
since, as usually assumed in literature, the enthalpic and
entropic contributions can be neglected when considering the
systems at low temperature.

Analogously, the stability of Li,Ni;_,Mn,0, is assessed by
defining the mixing energy as:

Emixing = E(LL,Ni; _,Mn,0,) — x(1 — »)E(LiNiO,) — xyE(LIMnO,)
— (1 = x)( - YENIO,) — (1 — x)p)EMnO,)  (2)

Here, E(Li,Ni; y,Mn,0,) is the internal energy of the Mn/Ni-
substituted structure with a concentration x of lithium, [(1 — x)
Li vacancies] in the Li layers, and a concentration y of Mn
[(@ — y) of Ni] in the transition metal layers. E(LiNiO,),
E(LiMnO,), E(NiO,) and E(MnO,) are the energies of the fully
lithiated LNO and LMO and the fully delithiated NO, and MO,,

Mater. Adv,, 2024, 5,2069-2087 | 2071
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respectively. All the structures are considered in the same
crystal structure. This choice for the stability assessment of
LiyNi;;_,yMn,0, was previously used®® to investigate how the
stability of different arrangements of the two kinds of transi-
tion metal ion depends on their mutual interaction, rather than
to determine the absolute stability of the compounds from
constituent elements.

Ferromagnetic alignment of Ni spins was adopted through-
out all the calculations since it was shown that the spin-
interaction energies are smaller than those between different
structural phases and a ferromagnetic ordering corresponds to
the ground state of LNO and Li-rich and Mn-poor LMNO.>"*®

3. Fully lithiated LiNiO,

3a. Structural properties

LiNiO, can exist as a layered oxide with an arrangement of
oxygen atoms forming a cubic close packed structure. In the
crystalline rhombohedral R3m space group, the transition
metal and lithium ions occupy octahedral sites. In the O3
stacking, as shown in Fig. 2, the primitive 12-atom cell
(Fig. 2(a)) contains three formula units, shown in the figure
as A, B, and C, consisting of parallel planes of lithium, oxygen,
nickel, and oxygen atoms. In each plane, the atomic positions
are shifted along the a- and b-axes occupying different sites.
The stacking sequence along the c-axis of the planes is
abcabca. . ., where the a, b, ¢, a planes constitute the formula
A; b, ¢, a, b the formula B; and ¢, a, b, ¢ the formula C. A, B, C in
Fig. 2 refer also to the Li planes positions.

The Li ions diffuse, intercalate and de-intercalate
between the planes of NiOg octahedra. Typically, the rhombo-
hedral space group is represented in the corresponding hex-
agonal (H) cell with lattice parameters a, b, and ¢ (orthogonal to
a and b).

We performed calculations using simulation cells obtained
by increasing the a and b in-plane lattice parameters of the
hexagonal cell twice and four times, containing 48 and 192

View Article Online
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atoms, respectively. The unit cells are shown in Fig. 2. The
structural relaxation of the larger cells was performed starting
from the cell parameters and atom positions of the optimized
primitive 12-atom cell.

In the 12-atom (1 x 1 x 1) and 48-atom (2 x 2 x 1) cells, the
NiOg octahedra do not change appreciably, but in the 192-atom
unit cell (4 x 4 x 1) the structural relaxation leads to size
disproportionation of the octahedra with expanded and com-
pressed octahedra having different Ni-O bond lengths. The
octahedra show also a small JT distortion. Furthermore, the cell
lattice parameters change with the cell dimensions, as shown
in Table 1. The expanded and compressed octahedra are related
to disproportionation of the Ni ion oxidation states, as shown
in Table 2, where the bond lengths of the different kinds of
octahedra in the 192-atom supercell are also reported.

Thus, the use of the larger 192-atom unit cell has shown that
the undistorted NiOg octahedra calculated by optimizing the
atomic coordinates in the smaller 12- and 48-atom unit cells are
actually unstable towards disproportionation. The calculation
for the 192-atom unit cell starts by replicating 16 times the
optimized 12-atom unit cell, so the initial octahedra are exactly
the same as those obtained by optimizing the 12-atom unit cell.
The relaxation occurs spontaneously and is accompanied by a
relevant diminishing of the total energy. Thus, the structures
calculated using the 12- and 48-atom unit cells, the ones always
considered so far in the literature for the R3m space group of
LiNiO,, are shown to be unstable when represented using a
larger unit cell.

A phase consisting of a mixture of expanded, compressed,
and JT-distorted octahedra corresponding to Ni**, Ni** and
Ni**, respectively, was assumed from experimental neutron-
pair distributions, which could agree with most of the existing
experimental data. The authors claimed that such a disordered
metastable “charge-glass” phase could be stabilized by entro-
pic effects.>

Here, we have found a structure consisting of expanded and
compressed octahedra with Ni charge disproportionation by
optimizing the R3m O3 structure in the 4 x 4 x 1 supercell,

(2) (b)

Fig. 2
green balls, oxygen balls by red, and nickel atoms by grey.

2072 | Mater. Adv., 2024, 5, 2069-2087

(a)-(c) Ball and stick representation of LNO in the R3m space group with 12, 48 and 192 atoms unit cells, respectively. Li atoms are represented by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimized values of structural parameters in fully lithiated LiNiO,
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Lattice parameters (A)

No. of atom cell a b c Other theories Expt.
R3m 12 2.89 2.89 14.25 (2.84, 14.29),*” (2.89,14.20),” (2.88, 14.18)," (2.87,14.21),"
(2.90, 14.18),® (2.88,14.27)*° (2.88, 14.19),%° (2.90, 14.2)"
48 2.86 2.86 14.05
192 2.87 2.87 14.01
c2/m 8 4.96 2.96 5.74 (5.16, 2.79, 5.13)
192 9.83 11.71 5.74

Table 2 Calculated Ni—oxygen bond lengths in the different atom cells

System No. of atoms in cell

Metal-oxygen bond

Bond length (A)

R3m 12 Ni**-0

192 Ni**-0

Ni*"-0

c2/m 8 Ni**-0

1.98%6
A'=0.0

2.075%2 (A)
2.019%2 (C)
2.009%2 (D)
2.034

2.026x
4(A)
2.040%
2(0)
2.033

(Average®)
A=0.06

(Average)

A=0.014
1.924 (A)

1.88 (B)

1.902 (C)

1.89 (D)

1.899 (Average)
A=0.044

2.14 (A)

1.904 (B)

1.921 (C)

1.988 (Average)
A=0.236

“ Here, average is the arithmetic average and 4 is the difference between highest and lowest values.

while the monoclinic structures, of which the C2/m is one
representative, have JT-distorted octahedra with four short
and two long Ni-O bonds and Ni** cations at their center (see
Table 2). Indeed, there are two modes of JT distortion occurring
in layered LNO, Q2 and Q3, discussed in detail in the
literature.*” In the C2/m structure, only the Q3 mode occurs,
leading to collinear JT distortion, where all the long bonds are
similarly oriented. We define a JT distortion parameter 4,
which is the average difference between the longest Ni-O and
shortest Ni-O ones. The values obtained for the hexagonal and
monoclinic structures are given in Table 2.

This result is the first to report charge disproportionation
and relative NiOg octahedra size disproportionation in the fully
lithiated O3 layered hexagonal crystal structure.

Our results are in qualitative agreement with the neutron
diffraction data'® where the peak broadening was found to be
more consistent with a continuous distribution of Ni-O bond
lengths, due to nonuniform distortion than with the two

© 2024 The Author(s). Published by the Royal Society of Chemistry

different fixed Ni-O bond lengths expected in the case of a
monoclinic lattice. Our calculated average long and short Ni-O
bond lengths are 2.03 and 1.90 A which nicely compare with the
experimental values of 2.05 and 1.93 A'® and with the X-ray
absorption data finding Ni-O bonds of 2.08 and 1.91 A,
respectively.*’

3b. Electronic and magnetic properties

The electronic structure is discussed by inspecting the Total
Density of Satets (TDoS) and Partial Density of States (PDoS) of
the considered structures. In Fig. 3(a), we can see that, using
the 12-atom cell for the R3m crystal structure, the spin-up TDoS
has a half-occupied band at the Fermi level, while the spin-
down TDoS has an electronic gap. In this case, the Ni atoms are
at the center of similarly perfect NiOg octahedra (see Table 2).
Since the crystal field splits the five d states into a three-fold
degenerate t,, state and a two-fold degenerate e, state, the Ni
states should be all in a Ni** oxidation state which adopts the

Mater. Adv,, 2024, 5, 2069-2087 | 2073
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Fig. 3 (a) Total density of states, and (b) atom-centered partial density of states in 12-atom fully lithiated LiNiO».

low-spin configuration t5,(| 1 1|1 1|1/]) eg(| T]]), where the t,,
states are occupied leaving one electron in the doubly degen-
erate e, state at higher energy. In the crystal, the Ni d states are
hybridized with the oxygen p states, thus the half-occupied
feature at the Fermi level corresponds to the antibonding ¢,
band. The unpaired e, Ni electrons occupy half of the e; spin-up
band, while the e; spin-down band remains empty. This
behavior is reflected in the A peak, which corresponds to the
¢, spin-up orbitals and is half occupied, as shown in Fig. 3(b).
The B peak corresponds to the spin-down ¢, states.

The Ni*" cations have an estimated magnetic moment of 1
ug (based on the calculated difference of a Lowdin partition of
the up and down spin charge on atoms) and the preferred
phase is ferromagnetic. The estimated local magnetic moments
on the transition metal cations are reported in Table S1 in the
ESI,{ under the heading 12 atom.

These results compare well with the calculations reported in
the literature, which invariably use the 12-atom cell to describe
the fully lithiated R3m LNO.?>”3%**

The Ni** cation with only one electron in the ¢, orbitals is JT
unstable. However, the distortions cannot take place in the
small 12- and 48-atom cells, thus the octahedra have equal Ni-
O bond lengths (see Table 2).

As seen above, a structural distortion takes place instead in
the 192-atom supercell, and, as a consequence, the A peak
feature at the Fermi level in the TDoS is significantly changed,
as shown in Fig. 4(a). The spin-up A band splits into a mostly
occupied A; peak and an empty A, peak, hinting at the
formation of a band gap, and similarly the spin-down B peak
splits into B; and B,. The states just below the Fermi energy
show predominant oxygen and, to a lesser extent, nickel
character, as shown in Fig. S1 (ESIf). These hybridized (O p-
Ni d) energy states are of particular interest, as these are the
states from which electrons are removed during the delithia-
tion process.

Analyzing the partial density of states, we find that there are
two kinds of Ni ions, as shown in Fig. 4(c) and (d). The e; spin-
up state of the first kind is almost fully occupied, while that of
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the second kind is mainly unoccupied. This situation is
reflected in their different magnetic moments, as reported in
Table S1 (ESIt). From the values reported in the table under the
heading “192 Atom cell” and x = 1, we can see that the
magnetic moments acquire different magnetic
moments close to 0 indicate Ni*" cations, while those around

values:

1.4 are characteristic of Ni** (or close to Ni**) cations.

Thus, Ni ions have two oxidation states: Ni** with the €y
spin-up level completely empty and magnetic moment zero and
Ni ions close to the Ni** oxidation state with an almost full ¢,
spin-up band and an estimated magnetic moment of about
1.4 ug, much larger than the 1 pg associated with Ni**. We name
these second Ni ions simply as Ni*". The features of the PDoS
can be assigned neatly to these two different Ni cations: the A,
peak is the occupied part of the 3d-e, orbital of Ni** (Fig. 4(c)),
as well as the empty peak B,, while the empty peaks A, and B,
belong to Ni** (see Fig. 4(b)). The existence of Ni** ions in LNO
has been calculated previously only when some Li vacancies are
present®® and never for the fully lithiated ideal structure. This
was due to the use of the smaller unit cells to describe LNO in
the layered R3m space group. Such charge disproportionation
into Ni** and Ni*" was calculated before only for the monoclinic
P2/c structure®® and in monoclinic C2/m LNO only after one
additional Ni ion was inserted into the Li plane.*®

The distorted NiOg octahedra of the 192-atom supercell lead
to the breaking of the e, and t,, orbital degeneracies. The Ni*"
cations (Fig. 4(c)), where the spin-up and spin-down ¢, bands
are empty, are at the center of the compressed octahedra
with short Ni-O bond lengths (see Table 2). In this case, the
(Ni d-O p) hybridization increases and the antibonding e,
bands are shifted to higher energies, remaining empty. The
Ni?" cations, instead, are at the center of the expanded octahe-
dra having longer Ni-O bond lengths (Fig. 4(d)). The hybridiza-
tion in this case decreases and the ¢ spin-up bands shift down
in energy, becoming mostly occupied. The presence of Ni**
cations in an ideally layered LNO would explain why it is so
difficult to obtain samples without Ni in the Li layer, given the
very low energy barrier for Ni** to replace Li*.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TDoS in (a) R3m and (b) C2/m; nickel-atom-centered partial density of states in R3m (c) and (d) and in C2/m (e) and (f) in fully lithiated LiNiO,.

The assignment of the oxidation states of the Ni ions is also
validated by calculating the Bader charges of the Ni ions in the
12-atom cell, where Ni are all equivalent and surely Ni**,
obtaining a charge of 16.74 e, and of the Ni ions in the 192-
unit cell where we have found two values: a larger charge of
16.80 e and a lower charge of 16.64 e, for the ions we attributed
to Ni** (or almost Ni**) and Ni**.

The TDoS of the C2/m structure shown in Fig. 4(b), depicts
band gaps in both spin channels, as found by other authors.”
The PDoS of the two Ni atoms in the primitive cell, shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4(e, ), have the same 0.25 eV band gap which is due to the
splitting of the ¢; bands for the JT effect. There is no charge
disproportionation in this case, so the Ni oxidation states are
Ni*". For both Ni** ions, only the spin-up electron goes in the
lowest energy JT-split ¢; band below the Fermi energy, while the
other spin-up band and both the spin-down bands, closer in
energy, are empty.

To provide a clear understanding of the difference in the
electronic configurations associated with the e, spin-up bands

in the hexagonal 192-atom supercell and in C2/m, starting from

Mater. Adv,, 2024, 5, 2069-2087 | 2075
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transition metal layers of the 192-atom supercell.

the undistorted octahedra case of the R3m structure in the
primitive 12-atom cell, we show in Fig. 5 a scheme of the
different splittings and occupations of the spin-up e, states
on the Ni atoms. The e, spin-down orbitals are higher in energy
and unoccupied.

The arrangements of the Ni'** and Ni*" ions form in-plane
ordered patterns with 9 Ni** and 7 Ni**, as shown in Fig. 6. If
the Ni ions are all in the Ni*" oxidation state, then there will be
16 electrons in the ¢; bands per plane, one per Ni atom. If Ni**
ions have no electrons in g then the 9 Ni** need to have a total
of 1.78 electrons in ;. Assuming that no charge is transferred
to other bands, their average oxidation state is actually +2.22.
The Ni** ions form two kinds of hexagons: one regular and the
other irregular with 9 ions on the perimeter. The hexagons
surround three Ni'" ions. The symmetry of the structure
belongs to the hexagonal space group, with 12 symmetry
operations, like the structure described with the 12-atom unit
cell, but the structural, electronic and magnetic properties are
quite different.

Our calculations have shown the strong dependence of the
physical properties of the hexagonal fully lithiated LNO on the
choice of unit cell. Since the octahedra have common edges,
they cannot distort independently; thus, it is quite possible that
the use of even larger unit cells could allow more freedom for
octahedral distortion, which could lower the energy even
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further and lead, possibly, to the opening of a gap between
the spin-up states as in the case of the C2/m monoclinic point
group, in accordance with the experimental observation of a
0.5 eV gap for the almost stoichiometric LNO in the hexagonal
phase.’® However, gaps exhibit excited-state properties and
cannot always be correctly predicted by DFT methods. The total
energy per atom of LNO in a hexagonal 192-atom cell and C2/m
in its primitive 8-atom unit cell are almost the same, within the
accuracy error of the calculations.

4. Partially lithiated LNO

4a. Livacancy mixing energies and structural properties

The structural models of the delithiated Li,NiO, structures are
obtained starting from the relaxed hexagonal supercell with
192 atoms used as a template. We know from the literature
that during the charge and discharge cycles the delithiated
systems undergo various phase transitions (H1, M, H2, and H3,
where M stays for Monoclinic and H for Hexagonal) at certain
values of Li concentration x, but maintain the layered
structure.>* >4

To obtain structural models for delithiated Li,NiO,, we
considered the three layers A, B, and C shown in Fig. 2 and
removed the Li atoms from a different number of layers.

Li cations were removed from only one of the three Li planes
characterizing the O3 stacking, say the A layer, and named
these delithiated configurations as single-layer structures.

For these single-layer structures, eight different Li vacancy
configurations were calculated realizing four concentrations:
x = 0.75, 0.625, 0.5, and 0.25. These configurations, named 1c
and 1b (x = 0.75), 2a and 2b (x = 0.625), 3a and 3b (x = 0.5), and
4a and 4b (x = 0.25) are shown in Fig. 7(a).

Other delithiated configurations were obtained by removing
Li from more than one layer and are named multilayer struc-
tures. In the case of the multilayer structures, there are numer-
ous ways in which the Li ions can be removed from each layer.
Here, we have considered only some of the possible combina-
tions, since our aim is to obtain a general overview of the trends
in the properties of the delithiated structures as a function of Li
content x. Some of the structures are shown in Fig. 7(b) while a
complete list of the multilayer structures is reported in Table S2
(ESIYT), where the positions of the removed Li cations in each
layer are given.

For the multilayer structures, we generated a Li vacancy
configuration in each Li layer (named a sequence), then we
stacked the sequences in different ways on the A, B, and C
planes, sometime just repeating the same sequence in all
planes, at other times using different sequences in the three
planes. We generated 22 different multilayer configurations
covering Li concentrations x = 0.916, 0.833, 0.75, 0.667, 0.58,
0.5, 0.41, 0.33, 0.25, 0.167, and 0.083. For each Li content, we
compared the energies of two configurations. The two config-
urations were chosen to have the Li vacancies close to one
another or far apart. Li vacancy configurations have been used
by other authors®*”*® using smaller monoclinic unit cells, in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Delithiated structures in the 192-atom cell: (a) single-layer structures: 1c and 1b (8.33% Li vacancies in total), 2b and 2a (12.5%), 3a and 3b (16.67%),
4a and 4b (25%); (b) multilayer structures: 5a and 5d (25% Li vacancy), 6¢ and 6b (33% Li vacancy), 7c and 7a (50% Li vacancy) and 8c and 8a (75% Li

vacancy).

which only two oxidized Ni states (Ni*" and Ni*") were found as
a consequence of delithiation.

The mixing energies of these partially lithiated Li,NiO, were
calculated using eqn (1), and only those whose energy was
found to be the lowest are plotted in Fig. 8 (henceforth, we will
refer to these structures as ‘“most stable”, but since we have not
considered all the possible vacancy configurations over the 48
Li sites in the 192-atom supercell, the structures are just the
most stable among those calculated). Nevertheless, even with
this limitation, interesting trends can be found. For the same Li
content, the multilayer structures generally have lower energy
than the single-layer ones, showing that delithiation occurs
preferably by removing Li simultaneously from all the layers.

At high values of x, the more stable configurations are
characterized by an ordering of the Li vacancies that tends to
maximize their mutual distance. This result suggests the

© 2024 The Author(s). Published by the Royal Society of Chemistry

existence of a repulsive interaction between the Li-vacancies,
which decays with distance. At lower x, when the vacancies
need to be closer, the most stable configurations present rows
of vacant and occupied Li sites. These chain-like arrangements of
Li atoms and Li vacancies seem to characterize favorable Li
vacancy arrangements. This could be due to the strong interaction
between Li cations of different planes along the direction of the
Li-O-Ni-O-Li chains® that in the presence of Li vacancies will
induce JT distortion of the NiOg octahedra. Indeed, the presence
of Li ions and vacancies in ordered interlayer chains favors the
collinear formation of JT distortion with smaller lattice strain
since channels are formed, as shown in Fig. 7.

The optimized lattice parameters of the delithiated struc-
tures are reported in Table S3 (ESIT).

In Fig. 8 we show, together with the mixing energies of the
lowest energy delithiated configurations, the energies of the

Mater. Adv., 2024, 5,2069-2087 | 2077
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fully lithiated hexagonal and C2/m LNO structures, both calcu-
lated using the primitive unit cells (12 atoms for R3m and 8
atoms for C2/m) and 192-atom supercells. The energies are all
relative to the energy of the hexagonal 192-atom supercell. We
can see that the energy of the hexagonal structure decreases
with atomic position optimization, passing from the primitive
cell to the supercell, much more than the energy of the
monoclinic structure, thus showing a more efficient structural
relaxation. The relaxed structures in the 192-atom supercell are
much closer in energy: 8.75 meV per atom.

In Fig. 9, we report the variation of the lattice parameters a =
b and c versus Li concentration x. The lattice parameters of the
lowest energy structures are reported for each x. The decreasing
trend in a is due to the progressive increase in the number of
Ni** ions, which have a smaller ionic radius (0.46 A) than Ni**
(0.69 A) and Ni*" (0.56 A) and are associated with the com-
pressed octahedra. This trend is consistent with the experi-
mental results."®** Sharp contraction in the ¢ vertical lattice
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Fig. 9 Variation of the crystal lattice parameters, a and c, as a function of
Li concentration x. The vertical dashed lines correspond to the Li content
at which phase coexistence and phase transition between the hexagonal H
and monoclinic M phases have been evidenced by XRD during the
charging of the LNO cathode.**
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Table 3 Number of different Ni cations and 4 parameters in LiyNiO,

Jahn-Teller distortion

No. of Ni cations parameter 4 in Li,NiO,

Li concentration

x Ni** NPT Ni*Y N Ni** Ni**
1 27 0 21 0.06 — 0.04
0.75 (chain) 12 12 24 0.11 0.20 0.03
0.75 (square) 12 12 24 0.03 0.21 0.04
0.5 4 18 26 0.12 0.18 0.03
0.25 2 9 37 0.11 0.16 0.02
0 0 0 48 0 0 0

parameter within the range of 1 < x < 0.80 is due to the
emergence of JT-active Ni*" cations out of the Ni*" cations. The
number of Ni** cations and the corresponding JT distortion
parameter 4 increase, as shown in Table 3, and they are largest
in the Li concentration region 0.50 < x < 0.75 where the
layered structure undergoes the observed structural phase
transition from the hexagonal H1 to the monoclinic M phase
and remains in the monoclinic structure (M) (see Fig. 9). The
other dip in the c-axis for x < 0.4 is due to the dominance of
Ni*" jons and low Li content, hence the octahedra become
compressed, JT distortion reduces, and interaction of the Ni
ions with the O ions increases. The Li interlayer distance
reduces as less Li is present and the oxygen atoms do not repel
any more as the oxygen electronic —2e charge is now more
localized inside the octahedra. The reduction of the JT distor-
tion leads to a new phase transition back to a hexagonal phase.
At high delithiation levels, the H3 phase was found to be
unstable, probably due to oxygen loss with electrochemically
inactive NiO formation. This trend in the c-axis with Li content,
similar to that calculated for Li,CoO,, was obtained by other
authors only after using the SCAN and SCAN + D3 functionals
in place of the PBE+U functional used in this work. In that
work, PBE+U produced only an ever-decreasing c¢ lattice
parameter.”® In our case, the expected trend has been obtained
using PBE+U with the larger supercell.

4b. Electronic and magnetic properties

Table 3 reports the number of Ni**, Ni**, and Ni** ions present
in the delithiated Li,NiO, structures for x = 0, 0.25, 0.5,
0.75, and 1.

The numbers of different Ni cations were derived by inspec-
tion of the PDoS of the single Ni ions (see below) and from the
calculated atomic magnetic moments reported in Table S1
(ESIt) under the headings x = 0.25, x = 0.5, and x = 0.75,
respectively. From Table S1 (ESIt), we can see that the magnetic
moments close to 0 again indicate Ni*" cations, while those
around 0.8 are characteristic of the emerging Ni*" cations.
Finally, the magnetic moments around 1.4 again indicate Ni**
(or close to Ni**) cations.

We can see from the table that the number of Ni** ions
decreases with x, while the number of Ni*' increases. The
number of Ni*" ions increases until x = 0.5, then decreases.
The active electrons are those in the ¢ orbitals and we can see
that the numbers of these electrons are approximately 48 (54),

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00906h

Open Access Article. Published on 15 January 2024. Downloaded on 4/7/2026 3:57:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

TDoS (states/eV)

I
|
|
I
;
|
I
I
I
I
I
¥

E-E; (eV)
Fig. 10 Total density of states (TDoS) of Li,NiO,.

36, 24 (26), 12 (13), and 0, (considering the nominal values of 2
and 1 for Ni*" and Ni*", respectively), where in the parentheses

View Article Online

Paper

are given the actual numbers compared with the nominal ones.
These numbers indicate that roughly all the electrons lost by
the cell in delithiation are lost by the Ni cations.

The second part of Table 3 reports the 4 parameters relative
to the octahedra of the different Ni ions. These parameters are
calculated as the difference between the length of the longest
and shortest Ni-O bonds in the NiOg octahedra, as explained in
the text and at the bottom of Table 2, and they are an indication
of the Jahn-Teller distortion of the octahedron. We can see that
the JT distortion is largest for the Ni** ions.

The different Ni oxidation states in the delithiated Li,NiO,
structures contribute to the electronic TDoS shown in Fig. 10,
for x = 0, 0.25, 0.50, 0.75, and 1. The peaks and features within
the energy range from —1 eV to 3 eV correspond, as for the fully

lithiated case, to ¢ orbitals. To compare the evolution and

shifts of the features, we have chosen for all the partially
delithiated structures similar configurations for the arrange-
ment of Li vacancies, specifically a chain-like pattern, with one
chain for x = 0.75, two chains for x = 0.50 (see, for example,
Fig. 7 case 3a), and three chains for x = 0.25.

In the case of x = 0.75, the chain arrangement of Li vacancies
is not the most stable. Thus, we compare in Fig. 11 the TDoS of
the chain arrangement (Fig. 11(a)) with the TDoS of the more
stable square arrangement (Fig. 11(b)). The two TDoS are
qualitatively similar, since the spin-up and spin-down states
fall within the same ranges of energy. The main difference
stems from the different heights of the peaks. Peaks are more
pronounced for the chain arrangement. Thus, in the case of the
chain arrangement the energies of the Ni-O ¢; orbitals fall
preferably in narrower intervals, while for the square arrange-
ment their energies are more smoothly distributed over their
energy range. Both delithiated configurations have the same
number of Ni**, Ni**, and Ni** cations (see Table 3). However,

130

65

-130
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-65

! ! ' -130
2 -1 0 1 2 3
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Fig. 11 Comparison of TDoS of two delithiated patterns at x = 0.75. (a) Chain delithiation model; (b) square delithiation model.
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Square

Fig. 12 Ball and stick representation of the two delithiated structures at x = 0.75 showing the change of oxidation states of Ni in relation to the Li
vacancies: (a) chain model, (b) square model. Li is represented by green balls, while Ni is represented by three different colors depending on the oxidation

state. Black represents Ni**, blue Ni** and magenta Ni**.

the chain arrangement has three kinds of oxygen ions: 24 O”
ions, first neighbors to two Li vacancies, 24 O’ ions, first
neighbors to one Li vacancy and 48 O ions bonded to three Li
ions. These different kinds of oxygen ions are also arranged in
similar chains. The less charged O” tend to bond strongly to Ni
ions that become Ni*". This structure has more groups of
similar Ni-O bonds than the ‘“square” pattern that has 24 O
ions with no first-neighbor vacancies and 72 O’ ions with only
one first-neighbor Li vacancy. The O ions are also arranged in a
square pattern. In this case, the different kinds and lengths of
Ni-O bonds are more uniformly distributed over the structure.
This situation is shown in Fig. 12, where in the case of the chain
arrangement the groups of chain-aligned O”-Ni** bonds are
clearly visible.

The main features in the TDoS of Fig. 10 are named A;, A,
A,, By, B}, Bf, and B,. The A peaks are constituted of spin-up
orbitals and the B peaks of spin-down orbitals. A; and A] are
occupied and A, is empty. We can see that the occupied part of
e, progressively reduces with an increase in the number of Li
vacancies due to the reduction of available electrons, and the A,
peak height reduces until it disappears at x = 0.25.

To further investigate the relation between the features of
the TDoS of Li,NiO, and the oxidation states of the Ni cations,
it is instructive to look at the Ni PDoS.

We can clearly distinguish the contributions of the differ-
ently oxidized Ni cations by looking at the Ni PDoS shown in
Fig. 13. In the fully lithiated LNO, only Ni** and Ni** are
present. The peaks A, and, to a much lesser extent, A in the
occupied part and B, in the unoccupied part are due to Ni** (see
Fig. 4(d)), while Ni** (Fig. 4(c)) is characterized by only two wide
empty features A, (spin up) and B; (spin down) in roughly the
same energy range (0.3-1.2) eV. As Li vacancies are created, the
number of Ni** cations decreases and that of Ni** increases. We
can see from Fig. 13(b) that the Ni*" cations contribute to the
A} spin-up occupied peak near the Fermi level and to the
wide empty spin-up feature A, at about 0.5 eV. Also the empty

2080 | Mater. Adv, 2024, 5, 2069-2087

spin-down split peaks B| and B/ in the energy range from 1 eV
to 2 eV are attributed to Ni**. These features can be compared
with the Ni PDoS of the C2/m structure (Fig. 4(e) and (f)), where
only Ni*" cations are present. The B} and B{ peaks widen and
slightly shift with delithiation, but are recognizable up to x =
0.25, after which they start to disappear towards the full
delithiation limit where only fully oxidized Ni*" cations are
present. With progressive delithiation we see that the occupied
spin-up ¢, features change: the A, peak (Ni*") decreases, while
Al (Ni**) increases. At Li concentration lower than x = 0.50, the

| peak decreases and disappears. The PDoS of Ni*" (Fig. 12(c))
shows wide empty spin-up and spin-down features extending
from 0 to 1.5 eV, similar to the TDoS of NiO, (Fig. 10 at x = 0).
The peaks and features of Ni PDoS change with increasing
delithiation; in particular, the Ni** and Ni** PDoS at x = 0.25
undergo considerable modification. One main reason is the
shrinking of the cell volume (see Fig. 9), leading to shortening
of the Ni-O bonds and related increase in Ni-O interaction. For
the antibonding occupied e orbitals this means a shift towards
higher energies. Furthermore, the presence of residual JT-
distorted orbitals in the shrunken volume leads to enlarged
splitting of the bands. Indeed, the presence of Li vacancies
introduces further differences in the strengths of the Ni-O
bonds, which also depend on the different charges on the
oxygen ions, with the less charged oxygens being those bonded
to fewer Li ions.

5. Mn for Ni substitution in Li,NiO»

5a. Substitutional Mn mixing energies and structural
properties

We substituted 6, 12, and 18 Ni ions over the 48 transition
metal sites in the template cell with Mn, realizing Mn concen-
trations y = 0.125, 0.25, and 0.374 of Li,Ni(;_;Mn,0,, all within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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moments in Li,NiO,.

the concentration range for which LNMO compounds have
been synthesized in the a-NaFeO, layered structure.’® >

The different Mn in-plane arrangements are reported in
Fig. 14. Mn ions are arranged in the same way in all the
transition metal layers of O3 stacking.

A, B, and C correspond to 12.5% concentration of Mn atoms,
A4, By, and C; to 25%, and A,, B,, and C, to 37.5%. The lowest
energy configurations for each Mn concentration in the fully
lithiated case were found to be A, B; and B,, and we used them
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to optimize the 192-atom supercell for different concentrations
of Li vacancies to obtain the optimized lattice parameters.

For comparison with the results of the previous section, we
considered the same delithiated patterns. In Fig. 15, we report
the same trend of the calculated mixing energies as for eqn (2).
It is clear that Mn substitution is particularly favorable at low
concentrations of Li vacancies, while below x = 0.25 (75% Li
vacancies) the presence of Mn becomes less advantageous and
for x < 0.2 the compounds with highest Mn concentration are
unstable against phase separation. These results are qualita-
tively in agreement with the trend of previous calculations
which considered only the x = 1 and x = 0 cases.”>® This result
was interpreted in terms of an attractive interaction between
the Ni and Mn ions at full lithiation becoming a repulsive one
at full delithiation. This result also seems to be contrary to
experimental findings where the presence of Mn seems to have
a beneficial effect only at high cathode charge voltages. The
discrepancy is apparent since in the literature the stabilization
effect of Mn is attributed to the pillar effect, that is, to the fact
that Mn at low concentrations would induce more Ni*" defects
in the Li layer than in pristine LNO and would favor Li*/Ni**
mixing. It was shown>* that the number of these Ni** defects in
the Li layer remains unchanged during charge and discharge
cycles, and their presence would avoid the collapse of the Li
intercalation layers at high delithiation levels. Our calculations
do not consider the presence of such defects, thus, the trend
shown in Fig. 15 refers to the case of ideal cathodes without Ni/
Li defects.

The changes in the lattice parameters of the supercell as a
function of Li and Mn concentrations x and y, respectively are
shown in Fig. 16. The a and c¢ parameters follow the same
trends with x as L,NO. Both a and ¢ become longer with
increasing Mn concentration. This agrees with the experi-
mental results for LiNiy g ,C0g1Mng 11,05, wWith 0.0 < x <
0.08, where the lattice parameters, especially the ¢ lattice
parameter, increase with increasing Mn content. The increase
was said to be due to the substitution of Ni** cations by Mn**
ions, which have a higher ionic radius, and the consequent
reduction in the corresponding number of Ni** ions into larger
Ni** (0.69 A) to maintain charge neutrality.>*>°

This interpretation again stems from the assumption that in
pristine LNO all Ni is in the Ni** oxidation state. Ni** or almost
Ni*" are already present in pristine LNO in our case; thus, the
larger parameters are attributed to, as we will see below, to the
partial substitution of Ni*" by the larger Mn** ions and the
increase in the total number of electrochemically active (Ni** +
Ni*") cations that are associated with larger octahedra (see
Table 4). Apart from the very first value (x = 1.0), the a
parameter of LNO (y = 0) follows this trend with the shortest
a values, while the behavior of ¢ does not. Indeed, only for y =
0.375 is the c lattice parameter of Li;Ni;;_,yMn,0, longer than
that in the system without Mn (y = 0). This non-linear trend in
the ¢ parameter with y is most likely due to the fact that the A,
By, and B, Mn arrangements are inserted in lattices with
different delithiation patterns for each x. As we will see later,
the delithiation pattern and Mn distribution pattern strongly
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Fig. 15 Mixing energies of L,NMO for different values of Li concentrations x.

affect each other in determining the electronic configuration of
the system. In this paper, we have not searched for the lowest
energy structures where the total energy is minimized for both x
and y simultaneously, thus, we do not expect a very precise
trend in the calculated parameters.

5b. Electronic and magnetic properties

First, looking at the estimated magnetic moments of the
transition metals (Table S4, ESIT), we have verified that, as is
generally assumed in the literature, the Mn ions are in the Mn**
inactive oxidation state, in agreement with other calculations™?
and most experiments.’®

Table S4 (ESIT) reports the calculated magnetic moments of
Ni ions for three configurations of LNMO corresponding to Mn

2082 | Mater. Adv, 2024, 5, 2069-2087
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Fig. 16 Crystal lattice parameters versus Li concentration x of LiNig_y)-
Mn,O, for the three Mn concentrations: y 12.5%, 25% and 37.5%,
respectively.

content y = 0.125, 0.25, and 0.375 (headings Li,Nig g5
Mng 12505, LiNig75Mng250;, LixNig g25Mng 3750,). For each
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Table 4 Number of different Ni ions and 4 parameters in Li,Ni;_,Mn,O,
L. No. of oxidized Ni at Mn substitution Jahn-Teller distortion parameter 4 in Li,Ni;_,Mn,0,

Li,Ni; _,Mn,0,

y x Ni** NP Ni*t NP Ni** Nit* Mn**

0 1 27 0 21 0.065 — 0.04 —

0.125 1 18 12 12 0.06 0.21 0.04 0.06
0.75 10 16 (14 up, 2 down) 16 0.1 0.21 0.03 0.05
0.5 2 20 20 0.03 0.19 0.06 0.06
0.25 0 12 30 — 0.19 0.05 0.05

0.25 1 12 24 0 0.02 0.22 — 0.01
0.75 (chain) 2 32 (20 up, 12 down) 2 0.07 0.25 0.06 0.05
0.75 (square) 12 12 12 0.04 0.27 0.06 0.05
0.5 2 20 (2 up, 18 down) 14 0.1 0.23 0.06 0.05
0.25 0 12 (1 up, 11 down) 24 — 0.17 0.03 0.05

0.375 1 18 12 0 0.05 0.21 — 0.05
0.75 9 18 3 0.07 0.21 — 0.08
0.5 4 15 11 0.1 0.25 0.03 0.09
0.25 2 8 20 0.06 0.18 0.06 0.09

Mn concentration, different delithiation levels were considered:
x =1 (no Li vacancies), x = 0.75 (25% Li vacancies), x = 0.5 (50%
Li vacancies), and x = 0.25 (75% Li vacancies). Mn*" has
magnetic moments around 2.6 ug, while for the Ni ions we
again find the usual values.

Table 4 reports the evolution of the number of differently
oxidized transition metals as a function of the Li and Mn
concentrations x and y, summarizing the data in Table S4
(ESIY). The table also reports the corresponding 4 parameters.
Again, the NiOg octahedra of Ni*" show the largest value of 4.

From Table 4, we can obtain the following information:

(i) The number of active electrons N in the ¢ orbitals is
determined by the Li concentration. Indeed, if we assign two
electrons to Ni*" and one to Ni*", we can see that for x = 1 we
have about N = 48 electrons in Cqr for x =0.75 N =36, for x = 0.50

N =24, and for x = 0.25 N = 12, for all y. This result means that
the missing electrons due to delithiation are again taken
mainly from the Ni cations.

(ii) The number of Ni** cations diminishes as the number of
Mn*" cations increases. Their sum remains approximately the
same and increases with an increase in delithiation.

(iii) Comparing similarly delithiated structures, at x = 0.75
and 1, with and without Mn/Ni substitution, we can see an
increase in electrochemically active Ni ions, particularly in Ni*",

(iv) Unlike the results of Table 3, for y # 0, the particular
delithiation arrangement matters in the redistribution of elec-
trons and the numbers of Ni**, Ni**, and Ni*" cations. This is
shown by the two entries corresponding to x = 0.75 and y = 0.25,
where only the in-plane arrangement of Li vacancies is differ-
ent, for the chain and the square patterns examined above. This
means that the arrangement of Mn ions and the arrangement
of Li vacancies interact. The square Li vacancy arrangement
together with the square arrangement of Mn ions produces the
most stable of the structures studied for the same x and y
concentrations.

(v) The relationship between Mn*" ions and Li vacancies can
also be seen in a few antiferromagnetic couplings arising in the
case of chain delithiation and low Mn concentration. In the
case of chain delithiation and low Mn concentration, structural
optimization produces a number of singly occupied spin-down

© 2024 The Author(s). Published by the Royal Society of Chemistry

e, orbitals on Ni ions which were previously Ni*" ions in the
absence of Mn. The antiferromagnetic coupling between the
Mn and Ni ions in this case is mediated by the less charged O”
oxygen atoms, first neighbors to two Li vacancies, present only
in the chain delithiation model. The Ni** cations with occupied
spin-down e orbitals are, in absence of Mn ions, Ni** ions
arranged in the chains bonded to four O” ions (two below and
two above) shown in Fig. 12(a). In this case, electron transfer
occurs from and to the ¢ orbitals through the po orbitals of
0".2%%7 However, for Li concentrations as high as x = 0.75, the
chain delithiation model is less stable than the square model,
where this superexchange effect does not take place. On the
other hand, at high levels of delithiation, the O” oxygen ions
could play an important role in mediating the interaction
between Ni and Mn, which is supposed to become repulsive
in this limit.

To analyze the global effect on the electronic structure of Mn
doping, we calculated the TDoS and local magnetic moments.
In Fig. 16, we report the modification of the TDoS with the
degree of delithiation. For the occupied e, orbitals near the
Fermi level, we again see a progressive diminishing of the A
peaks. Between the B; and B, empty peaks, a number of new
structures emerge, some due to the emergence of Ni** ions as
seen above and others due to the Mn*" ions. It is shown in
Fig. 17 that the Mn e, orbitals (hybridized Mn d-O p) are empty
and fall above 1 eV, with a spin-up feature between 1 eV and
2 eV (in correspondence with the spin-down peaks due to N**)
and two negative features between 2 eV and 3.5 eV (the first one
in correspondence with the spin-down structures of N**). These
features become larger and merge with an increase in Mn
concentration. There are no occupied Mn ¢ orbitals, in agree-
ment with the assignment of the Mn*" oxidation state to the Mn
ions. Around the Fermi level, the active electronic e; orbitals are
still provided by the hybridized Ni d-O p orbitals, where the Ni
ions are Ni*" and Ni**. Inspection of the Ni ion PDoS around
the Fermi level shows similar features to those already reported
in Fig. 13. These results confirm that Mn in Li,Ni;_;Mn,0, is
electrochemically inactive and its only role is to stabilize the
structure. Indeed, it was found that the disordered Ni/Li tends

Mater. Adv,, 2024, 5,2069-2087 | 2083
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to decrease during cycling and not to increase, which is one
reason for the greater stability provided by Mn ions where the
fixed number of Ni** in the Li layer sustains the structure from
collapse at high charge levels.>*>%>°

It is generally thought that Mn*" are responsible for the
generation in LNO of Ni*" cations since, for charge neutrality,
in layered LiNiO, and LiMnO, the transition metal cations have
to be in the Ni** and Mn’" states, respectively. Thus, the
presence of Mn*" ions should be balanced with the simulta-
neous reduction of Ni** to Ni** to compensate for the change of
Mn*" to Mn*". This observation has aroused questions about
how to explain the fact that the discharge potentials measured
in layered LiNiO, and LiNiysMn, 50, in the hexagonal phase are
practically identical®®®* given that different redox reactions are
expected in LiNiO,, where only Ni**/Ni** is supposed to be
active, and in LiNiO sMn, s0,, where both Ni**/Ni** and Ni**/
Ni** should occur.’® The implication of only Ni** ions being
present in LNO is due to the fact that the calculations were
performed using small supercells for rhombohedral and mono-
clinic symmetries and these calculations invariably produce
only Ni*" ions, as we have seen above. Moreover, the presence
of a few percent of Ni** defects in the Li layer of LNO cannot
explain the discrepancy, but the charge disproportionation we
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(a) and (b) Total density of states (TDoS) of Mn-substituted LNO as a function of Li concentration x for y = 0.125 and 0.375. The TDoS of LiMnO,
refers to ferromagnetic ordering for comparative reasons. Antiferromagnetic ordering between Mn ions is indeed more stable.

have found using the supercell can, since the numbers of Ni**
are similar in LNO and in LiNigsMn, 50, and the charging will
create similar numbers of Ni** and Ni*" ions in both systems.

6. Summary and conclusions

In summary, this paper deals with the layered oxide LNO and
LMNO materials proposed for Ni-rich cathodes. We first repli-
cated 16 times the primitive cell of the R3m space group, the
space group of LNO observed experimentally by XRD, and
relaxed both cell parameters and internal positions. The super-
cell relaxation leads to a large decrease in the total energy
accompanied by charge and size disproportionation of the NiOg
octahedra. The charge disproportionation has a large effect on
and Ni*" ions,
whereas in the smaller primitive unit cells, considered in
previous computational studies, all Ni ions are Ni**. The Ni**
and Ni** ion arrangement forms an ordered superstructure in
the ab layers and the superstructure still belongs to the
observed hexagonal symmetry. The Ni-O bond lengths form a
distribution, as found experimentally, around two average bond
lengths whose values are also in agreement with experiment

the Ni oxidation states, since there are only Ni**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and contrary to the behavior expected for a monoclinic crystal
structure. The gain in energy obtained in the atomic relaxation
of the supercell compared to that of the primitive cell is much
larger than that obtained with an analogous supercell of
monoclinic symmetry, although the monoclinic structure still
remains more stable. We conclude that the choice of unit cell is
important for this class of material and an even larger super-
cell, or perhaps the inclusion of Ni defects in the Li layer
(always present in real samples) may favor the observed hex-
agonal phase over the monoclinic one at full lithiation. We have
found that optimizing larger unit cells leads to the emergence
of new structural and electronic behaviors, which remain
hidden if using primitive or smaller cells.

Further, we used the calculated superstructure as a template
for a study of delithiation in the hexagonal LNO structure. We
calculated the energies of a number of structures for different
concentrations of Li and studied the evolution of the structural
parameters and the electronic structure with the number of Li
vacancies. The changes in the a and c lattice parameters are in
agreement with previous calculations, and with experiment, at
least for the Li concentration for which LNO is in the hexagonal
structure. We have found that delithiation leads to changes in
the number of Ni ions; in particular, Ni** become Ni*" and Ni**,
the dominant Ni ion at high battery charging levels. Ni** and its
related JT octahedral distortions become the dominant ions at
Li concentrations of LNO in the monoclinic phase.

Finally, we analyzed the changes in the properties of the
delithiated structures when 12.5%, 25% and 37.5% of Ni ions
are substituted with Mn ions. We found that the way Mn affects
the lattice parameters and electronic structure depends on the
arrangement of the Mn ions in the transition metal layers and
Li vacancies in the Li layers. However, in all cases, the Mn ions
are always in the Mn** oxidation state and do not participate
actively in the redox reactions determining the battery charge
and discharge potentials, since the important electronic states
around the Fermi level involved in the reactions belong only to
the Ni** and Ni*" ions. The presence of a large number of Ni**
ions in pristine LNO can explain the similarity between the
LNO and LiNiysMn, 50, discharge potentials found experimen-
tally, since both Ni**/Ni*" and Ni**/Ni** redox pairs can be
present in the initial stages of charging in both systems.
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