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Li-ion batteries: First-principles study
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Combining the first-principles calculations and structural enumeration with recognition, the delithiation process of
LiNiO; is investigated, where various supercell shapes are considered in order to obtain the formation energy of Li,NiO,.
Meanwhile, the voltage profile is simulated and the ordered phases of lithium vacancies corresponding to concentrations
of 1/4, 2/5, 3/7, 1/2, 2/3, 3/4, 5/6, and 6/7 are predicted. To understand the capacity decay in the experiment during
the charge/discharge cycles, deoxygenation and Li/Ni antisite defects are calculated, revealing that the chains of oxygen
vacancies will be energetically preferrable. It can be inferred that in the absence of oxygen atom in high delithiate state, the
diffusion of Ni atoms is facilitated and the formation of Li/Ni antisite is induced.
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1. Introduction

The extensive usage of fossil fuels has resulted in global
warming and its severe ramifications, and it is urgent to change
the way of consuming energy to avoid the negative effects on
the environment. To achieve zero emissions, renewable energy
sources are crucial and the intermittent production necessitates
specific requirements for energy storage materials. Therefore,
batteries in the future will have a broader application in several
products,!!-?l where the criteria for battery performance will
also become more rigorous. Layered materials are widely used
in the lithium batteries, since LiCoO, and LiNiO, are charac-
terized as cathode materials due to their high energy densities
and high voltage plateaus. With the same structure, LiCoO,
is the first to be successfully commercialized due to its good
stability, while LiNiO, performs particularly poorly in terms
of stability. However, the natural resource reserves of Co are
limited, and there is an urgent need to find high energy density
electrode materials that do not contain Co.!!

There is still a significant controversy about the per-
formance of LiNiO, material, although experimental studies
on the delithiation phase diagram have been carried out for
nearly three decades. The diversity of the results origins from
the delithiation process, corresponding to different phase dia-
grams of the ground state as a function of Li concentration.!*!
The capacity of this material decreases rapidly with the in-
crease of the number of charge—discharge cycles, which may
be due to several reasons: lattice instability, cation disor-
der, phase transition, microcrack expansion, and oxygen pre-

>-121 Note that oxygen pre-

cipitation from the electrodes.!
cipitation and cation disorder are considered to be the main

causes.!!3] To improve the performance, a large proportion of
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[14] and aluminum!!>! have been used to replace Ni

manganese
in the materials, which will consequently reduce the energy
density due to the low Ni content. In order to develop high-Ni
electrode materials with high stabilities and energy densities,
an in-depth study of LiNiO, materials is required.

Theoretically, there is a lack of the mechanism of cation
disorder and oxygen precipitation. In this paper, the phase di-
agram and structural stability of the Li,NiO; system are sys-
tematically investigated by using first-principles calculations.
All the configurations of Li,NiO, in the supercells of small
size are calculated by enumeration, and some configurations
with high symmetry are selected in the larger supercells. The
ordered structures are determined, which are used to simulate
their voltage profiles. In addition, the effect of the concentra-
tion of oxygen vacancies is investigated and the oxygen va-
cancies are found to exist in Li,NiO; in chains’ arrangement,
which makes the antisites energetically preferrable. Our study
contributes to a more in-depth understanding of the stability of
LiNiO, materials.

2. Computational method

Spin-polarized calculations in the framework of den-
sity functional theory (DFT) are performed by using the Vi-
enna ab initio simulation package (VASP)['1%18] with projec-

19201 The exchange—

tor augmented wave pseudopotentials.!
correlation functionals are approximated by the generalized
gradient approximation (GGA) in the the PBE form.?!l Since
the ordinary GGA generalization cannot accurately describe
the 3d orbital forces of Ni, the GGA+U approach!®? is
adopted to deal with the strong correlation effects of the d-

orbital electrons, with the value of U set to 6 for Ni, ac-
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cording to previous literature.[>}] The energy cutoff of plane
wave is 500 eV and structures are fully relaxed until the
force is less than 0.02 eV/A. The Brillouin zone is sampled
with allowed spacing between k-points in 0.3 A~!, with I'-
centered Monkhorst—Pack k-point grid for high-throughput
calculations.

To generate the possible stable candidates, the structures
of alloy generation and recognition (SAGAR) code is used,
which was developed in our group.?¥! For the supercells with
2—7 times the volume of primitive cell, all the unique config-
urations are enumerated. For the larger cells, our attention is
paid only to the candidates with high symmetry (correspond-
ing to a small number of Wyckoff positions) to reduce the
computational cost. The method provides a strategy of screen-
ing candidates with high symmetry from binary alloys based
on the number of Wyckoff positions, where candidates with a
small number of Wyckoff positions exhibit higher symmetry
and become stable structures with higher probability as con-
firmed in our previous study.[>>! Also, we have done the test
in Li,NiO, systems. As shown in Fig. S3 in the supporting in-
formation, the formation energy of candidates with high sym-
metry tends to be either higher or lower than that with low
symmetry structure.

Regarding the x values in deoxygenation and antisite de-
fects, we focus on lithium concentrations of 0.25, 0.5, 0.75,
and 1, considering the experimental results of the stability
phase coupled with its high symmetry. Due to this heightened
symmetry, the number of deoxygenation structures generated
from this phase is relatively small, allowing us to explore its
deoxygenation properties at a lower computational cost.

In order to in depth study the stability of LiNiO,, we use
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lobster code to conduct the crystal orbital hamilton population
(COHP) analyses.[?! The pairs of atoms whose distance is be-
tween 1.8 A and 2.2 A are calculated.

3. Results and discussion

To study the stabilities of Li;NiO,, first, we adopt the
atomistic model of bulk LiNiO, and determine the ordered
structure of Li,NiO,. In Subsection 3.2, we focus on the for-
mation energy of Li,NiO, and predict the voltage profile. We
discuss the effect of oxygen defect and Li concentration on the
structural stability of Li/Ni antisite defect in Subsection 3.3.

3.1. Li,NiO; system modeling and candidate structures

To simulate the delithiation process of LiNiO;, a space
group with rhombohedral symmetry (R/3m) is adopted as
shown in Fig. 1(a). The interlayer atoms are arranged ac-
cording to Li—~O-Ni-O, where Li is at the 3a site, Ni is at
the 3b site, and O is at the 6¢ site. The lattice parameters
of the optimized primitive cell are a = b = ¢ = 5.065 A;
o = B = y=733.2°. Expanding the primitive cells and gener-
ating candidate structures with SAGAR, a total of 629 delithi-
ated candidate structures are obtained eventually, and the num-
ber of candidate structures corresponding to different super-
cells is shown in the Supporting information.

The ground state structures of Li,NiO, are determined
according to the compositional phase diagram, where the or-
dered phases appear at x = 1/4, 2/5, 3/7, 1/2, 2/3, 3/4, 5/6, and
6/7. This is partly consistent with previously predicted order-
ing of 0.25, 0.33, 0.4, 0.5, 0.6, 0.75, and 0.83.1*”! or 0.125,
0.25,0.33,0.5, 0.6, 0.625, 0.67, 0.75, 0.83, and 0.875.[28
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Fig. 1. (a) Structure of primitive cell. (b) Structure of supercell. (c) Li—vacancy ordering in Li sublattice. Li ions and vacancies are denoted as
green solid dots and black solid dots, respectively. The structures in blue rectangle were reported by Ceder?®! and those in the red rectangle

were reported by Sicolo. 4!
3.2. Formation energy and voltage profile

According to the total energy from the first-principles cal-
culations, we obtain the formation energy to characterize the
thermodynamic stabilities of the delithiated structure Li,NiO,
at different Li—vacancy distributions:

AE[formation]
= E[Li,NiOy] — xE [LiNiOs] — (1 — x)E[NiOs], (1)

where E [Li;yNiO,] is the energy of the delithiated candidate
structure, E[LiNiO;] is the energy of the LiNiO, E[NiO;] is
the energy of the NiO», x is the concentration of Li, and all of
the above energy values are averaged to a unit molecule.

As shown in Fig. 2(a), the formation energy values of
LiyNiO, are less than 0, which implies that these candidate

structures are thermodynamically stabilized. It also indicates
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that the Li-Li interaction is repulsive, which leads to an or-
dered distribution of Li—vacancies (as shown in Fig. 1(c)). In
the formation energy diagram of Li,NiO,, the convex hull pro-
file and vertexes are obtained, and the convex hull connects all
the vertexes, which correspond to the ordered Li—vacancy dis-
tribution. When the Li concentration of a structure is in the
middle of two vertexes, there will be a phase separation corre-
sponding to a mixed superposition of the two ordered phases
next to it. Our calculations show that the ground state will
appear at x = 1/4, 2/5, 3/7, 1/2, 2/3, 3/4, 5/6, 6/7.
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Fig. 2. (a) Calculated formation energy of Li,NiO, convex hulls. (b) Com-
parison between experimental and calculated voltage profiles, with green
solid line representing Sicolo’s experimental voltage profile,*! red solid line
denoting our calculated voltage profile, blue line referring to Sicolo’s calcu-
lated voltage profile! at 300 K, and yellow line being Ceder’s calculated
voltage profile.[?]

The equilibrium voltage of an electrochemical lithium
battery depends on the difference in Li chemical potential be-
tween the anode material and cathode material.*’! According
to the ground state structures found, we can calculate the av-
erage chemical potential, i.e., the voltage of LiNiO, at 0 K
between different concentrations as given below:

V = (E[Liy,NiOy] — E[Li,,NiO,]
+ (2 —x1)E[Li])/ (x2 — x1), 2
where V is the average voltage between Li concentrations of

x1 and x,, specifically, V is the average voltage between the
energy of the ground state structure for Li concentration of x|

and the energy of the ground state structure for Li concentra-
tion of x», and E[Li] is the energy of the Li bulk structure. All
the above energy values are averaged to a unit molecule.
Figure 2(b) shows the comparison between computation-
ally simulated voltage profile and the experimentally measured
one, demonstrating that the simulated voltage profile is accu-
rately consistent with the observed ground state structure.

3.3. Oxygen and Li/Ni antisite defect stability

In order to exclude the interactions between oxygen va-
cancies attributed to periodic boundary conditions, we choose
a supercell with 64 atoms with the furthest first nearest
neighbor.3% Using SAGAR, we generate and calculate all
its candidate structures at 1, 2 oxygen vacancies. To discuss
the effect of concentration of Li and oxygen vacancy distri-
bution, we focus on the candidate structures of LijgNijgO3p,
LijpNij6030, LigNij6O030, and LigNij5039. We can describe
their stabilities by using the oxygen vacancy formation energy
as follows:

AE 0., [Lit6—xNijgO032_]
= (E[Lij6—xNij6032—p]
—F [Li]ﬁfoi]6032] +O.5nE[02])/n, 3)

where n is the number of oxygen vacancies and E is the total
energy, n = 1-4,and x =0, 4, §, 12.

The results show that these structures have the same ten-
dencies in forming double oxygen vacancies, specifically, the
formation energy is lowest when the oxygen vacancies are
spaced at both sides of the Ni (i.e. at distance of 3.9 A in
Fig. 3(a)) and form chains (see Fig. S2 in the supporting in-
formation). Notably, Liy 75NiO; has a C2/m space group and
that distance of oxygen vacancy is 3.75 A. Also, as shown
in Fig. 3(a), oxygen vacancy formation energy decreases with
lithium concentration decreasing, implying that the exfoliation
of Li promotes the formation of O vacancies. In addition, we
calculate the candidate structures at 3,4 oxygen vacancies to
further discuss the effect of concentration of Li and oxygen
vacancy. To consider the computational cost, we restrict the
distance between oxygen vacancies and select the structures
with lower Wyckoff sites. The results show that oxygen va-
cancies still tend to form chains, with two oxygen vacancy
chains formed when there are four oxygen vacancies in the
cell. Therefore, we conclude that the oxygen vacancies in
LiNiO; are distributed in chains.

Figure 3(b) shows the formation energy values varying
with concentration of oxygen vacancies for different Li/O con-
centrations. When concentration of Li decreases from 1 to
0.25, the formation energy of oxygen vacancies will decrease
for those with the same oxygen concentration, indicating that
the concentration of Li could affect the stability of oxygen va-
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cancy. It also shows that the formation of the first oxygen va-
cancy in the system is difficult. However, once an oxygen va-
cancy has appeared in the system, the formation energy of the
subsequent oxygen vacancies decreases by 0.2 eV-0.4 eV. The
value will be near 0.4 eV for Lij 5NiO; and thus the formation
of oxygen vacancies is susceptible, providing a reasonable ex-
planation of the oxygen loss in Li,NiO, during charging and
discharging cycles.
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Fig. 3. (a) Plots of oxygen vacancy formation energy versus the distance
of oxygen vacancy for double oxygen vacancy candidate structures, with
the data kept only for the structures with the lowest energy at different
distances of the oxygen vacancy, red squares being for LiNiO,, blue cir-
cle for Lig75NiO,, green lower triangle for LipsNiO,, and purple rhom-
bus for Lig,5NiO; (b) plots of oxygen vacancy formation energy versus
Li and O concentration, with red square being for LiNiO,, blue circle for
Lig75NiO,, yellow upper triangle for LipsNiO;, and green lower triangle
for Lio_zsNiOz.

In the following, we investigate the effect of the creation
of chain oxygen vacancies on the formation energy of Li/Ni
antisite. We exchange the positions of Ni atoms next to oxygen
vacancies with their nearest-neighbor, next-nearest-neighbor
Li atoms and calculate their energy values (see Fig. 4(b)), and
assess the possibility of the antisite by the difference between
the energy before forming the antisite and that after forming
the antisite:

AE [Li/Ni] = E [defect] — E[perfect], 4)

where E[defect] is the energy of LiNiO;_, which formed a

Li/Ni antisite and E[perfect] is the energy of LiNiO;_.
Figure 4(a) displays that the plots of formation energy

versus concentration of oxygen vacancies for different Li/Ni

antisites, indicating that the formation energy decreases with
the oxygen vacancy concentration increasing. When the con-
centration of oxygen vacancies reaches 12.5%, the formation
energy values of Lip,5NiO, and Lig5NiO; are both close to
zero, and the antisite defects will be easy to appear. Al-
though the Li/Ni antisite formation energy values of LiNiO,
and Lig 75NiO, are small too, the antisite defects are not easily
generated in the system for the high formation energy of oxy-
gen vacancies. So, the following conclusion can be made: the
system is easy to the form the antisite defects at low lithium

concentrations.
& LiNiO,
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Fig. 4. (a) Variations of Li/Ni antisite formation energy with oxygen vacancy
concentration, with red square being for LiNiO,, blue circle for Lij 75NiO,,
grey upper triangle for LipsNiO,, green lower triangle for Lip25NiO;.
(b) Several ways of constructing Li/Ni antisites, with black spheres for oxy-
gen vacancy, green spheres for Li atoms, silver spheres for Ni atoms, red
spheres for O atoms, double arrows referring to that the positions of the
atoms on both sides are exchanged to calculate the Li/Ni antisite.

In order to better explain this phenomenon, we conduct
the crystal orbital Hamilton population (COHP) analyses to
investigate the bonding characteristics. As shown in Fig. S4 in
the supporting information, the energy interval from —2.8 eV
to 4 eV is dominated by the antibonding contributions in Ni-O
bonds, while the Li—O bonds contribute to the bonding inter-
actions. It implies that the system will become unstable due to
lithium reduction and the oxygen atoms adjacent to Ni will be
easier to be removed, which is in consistence with our previ-
ous conclusion.

The formation of Li/Ni antisites might be in the following
way: delithiation leads the concentration of oxygen vacancy
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defects to increase, and the high concentration of oxygen va-
cancy defects makes Ni atoms lose the binding of the O atoms
at both ends and diffuse into the Li sites, which finally form
the Li/Ni antisites.

4. Conclusions

In this work, we investigated the structural stability of
Li,NiO, by using the first-principles approach, with consid-
eration of the effect of oxygen vacancy and the Li—Ni anti-
site. We determine the ground states of the layered LiNiO,
material corresponding to concentrations of 1/4, 2/5, 3/7, 1/2,
2/3, 3/4, 5/6, and 6/7, respectively, and the calculated volt-
age curves are in good agreement with the measured voltage
curves. The oxygen vacancy formation energy of Li,NiO, is
0.6 eV for an Li concentration of 25%, and it further decreases
by 0.2 eV after the oxygen vacancy concentration has reached
3%. The stability of the material will be severely reduced,
and the precipitation of oxygen will increase the probability
of causing safety accidents. When the oxygen vacancy con-
centration reaches 12.5%, the formation energy of Li/Ni an-
tisite will become negative, and then the antisite will occur,
hindering Li diffusion and leading to a significant decrease of
capacity.
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