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Although large-scale atomistic simulations provide useful insights into various material phenomena,
such studies on LiCoO2, which is the most widely used cathode material for lithium ion batteries
(LIBs), have rarely been undertaken due to difficulties in developing adequate interatomic potentials.
In this study, an interatomic potential (2NNMEAM + Qeq) for the Li-Co-O ternary system is developed
to carry out molecular dynamics (MD) simulation studies on lithium cobalt oxides. Potential parameters
are optimized so that the potential can successfully reproduce fundamental materials properties (struc-
tural, elastic, thermodynamic and migration properties) of various compounds of sub-binary and lithium
cobalt ternary oxide systems. Through MD simulations, we investigate lithium diffusion properties (acti-
vation energy for lithium migration and diffusion coefficient) in layered Li1�xCoO2 (0 � x � 0.5) of various
lithium vacancy concentrations. We find that the lithium vacancy concentration has a significant influ-
ence on the activation energy for lithium diffusion and the lithium diffusion coefficient in the
Li1�xCoO2 cathode. The developed potential can be further utilized for atomistic simulation studies on
other materials phenomena (phase transitions, defect formation, lithiation/delithiation, etc.) in LIB cath-
ode materials.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

LiCoO2 is the most widely used cathode material for lithium ion
batteries (LIBs) because of its advantages such as fast Li-ion migra-
tion, high voltage and high capacity. However, because of the high
material cost and toxicity of the Co element, searching for replace-
ment cathode materials that have a lower cobalt content has
attracted recent research interest [1,2]. Although various cathode
materials have been proposed including solid solutions of Li-(Co,
Mn, Ni, Al, etc.)-O, there have been difficulties in finding a satisfac-
tory replacement cathode material that has sufficiently good per-
formance in the areas of structural stability, capacity, cyclic
properties, and so on. One of the most important properties of
LIB cathode materials is the lithium diffusion, the main determi-
nant for the charge/discharge rate. However, there is a limit to
accurately measuring the Li diffusion coefficient through experi-
ments because of the nature of the very light element and no suit-
able radioisotope for Li [3]. In addition, investigating properties
such as defect formation, lithiation/delithiation and phase transi-
tions in various LIB cathode materials through experiments is dif-
ficult because they have atomic-scale origins. Such experiments
are also inefficient because the number of possible compounds
and doping elements for the cathode materials is almost limitless.

On the other hand, computational approaches can be efficiently
utilized for investigations of a wide range of materials phenomena.
Among the approaches, the density functional theory (DFT) calcu-
lation is a high-level calculation that provides the most accurate
information on (sub-)atomic-scale behaviors. However, the DFT
calculation is not suitable for investigating dynamic behavior such
as diffusion properties because of the limited number of atoms that
can be handled. In this case, it is more appropriate to conduct
large-scale atomistic simulations using a (semi-)empirical inter-
atomic potential. However, there have been relatively few atomis-
tic simulation studies on the LIB cathode materials. This is because
of the difficulty in developing suitable interatomic potential mod-
els (and parameterization) for the LIB cathode materials, not
because of a lesser importance of atomistic simulations.

The potential model applicable to LIB cathode materials sys-
tems should be able to cover various bonding natures (metallic,
covalent and ionic bonds) in multi-component lithium transition
metal oxide systems. In addition, it should be able to describe
how the charge state of individual ions can change in redox reac-
tions during the charge/discharge process. However, most previous
studies [4–12] used a simple pair-wise type potential coupled with
a fixed charge model. The pair-wise potential cannot cover com-
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plex bonding natures, and the fixed charge model simply considers
the charge states of ions to be fixed during simulations. In recent
years, to extend the materials coverage of the potential model,
many-body type potentials coupled with a variable charge model
have been developed: reactive force-field (ReaxFF) [13,14], charge
optimized many-body (COMB) [15,16], charge transfer modified
embedded-atom method (CT-MEAM) [17,18] and second nearest-
neighbor MEAM coupled with charge equilibration (2NNMEAM +
Qeq [19]). However, there are only a few applications of that kind
of potential model to LIB cathode material systems [17,18,20], and
there is no application to the Li-Co-O system, which is one of the
most essential cathode material systems.

Our group have developed the 2NNMEAM + Qeq potential
model to extend the coverage of the existing 2NNMEAM potential
to multi-component metal oxide systems [19]. Based on this
potential formalism, we have developed an Li-Mn-O ternary poten-
tial recently [20] and are constructing a potential database for LIB
cathode material systems. The main objective of this study is to
develop the Li-Co-O ternary potential. This is the first achievement
for the Li-Co-O system, based on a many-body potential with vari-
able charge scheme. We report the result of MD simulation on
lithium diffusion properties in a layered Li1�xCoO2 cathode using
the developed potential. Section 2 gives a brief description of the
2NNMEAM + Qeq potential model. Section 3 reports on the evalu-
ation of the developed potentials for the sub-binary systems (Li-Co
and Co-O) and ternary Li-Co-O system. Section 4 discusses the
results of the MD simulation on lithium diffusion in layered
Li1�xCoO2.

2. The 2NNMEAM + QEQ potential

The 2NNMEAM [21,22], one of the latest versions of MEAM
[23–25], has been applied to a wide range of materials including
metals, covalent elements and their alloys. In particular, it has been
successfully applied to essential metallic elements associated with
LIB cathode materials, such as Li [26], Co [27], Mn [28], Ni [29], Al
[29] and some of their alloys. Recently, our group further extended
the 2NNMEAM to cover multicomponent oxide compounds by
combining it with a charge equilibration (Qeq [30]) concept
(2NNMEAM + Qeq) [19]. Special attention was given to the
removal of known problems found in the original Qeq method,
during the implementation of the Qeq to the 2NNMEAM.

The total energy of a system in the 2NNMEAM + Qeq potential
model [19] is composed of non-electrostatic (2NNMEAM) and elec-
trostatic (Qeq) energy terms, as in the following expression.

ETotal ¼ EMEAMðrÞ þ EESðr;qÞ ð1Þ
The MEAM energy is calculated as

EMEAM ¼
X
i

Fið�qiÞ þ 1
2
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where Fi is the embedding function, qi is the background electron
density at site i. Sij and /ij(Rij) are the screening factor and the pair
interaction between atoms i and j separated by a distance Rij,
respectively. Full details of the MEAM energy term are not included
in this paper, and can be found in the literature [21,22] or in the
electronic supplementary information (ESI) of this paper.

The electrostatic energy is expressed as the sum of atomic
energy Ei

atom (or penalty energy) and the Coulomb pair interaction
Vij
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where qi is the charge state of atom i. The charge state of each atom
is not fixed but variable depending on the local environment. Our
model use a quadratic spline function of qi for Eiatom [19], and Cou-
lomb integral between two density functions of the 1s-Slater orbital
[31] for Vij

Coul. In addition, our potential formalism uses the concept
of the split-charge [32], �qji, which represents the charge flow from
the covalently bonded neighbor atom j to the atom i. Full details
on the mathematics and algorithms for computing the equilibrium
charge using our potential model can be found in Ref. [19] or in the
ESI of this paper.

The potential formalism requires the following parameters: fif-
teen 2NNMEAM parameters (Ec, Re, a, A, t(1)–(3), b(0)–(3), Cmin, Cmax,
drep and datt) and seven Qeq parameters (v0, J0, DE(2)–(4), f and Z)
for each element. Fourteen and six parameters are also required
for each pair and triplet, respectively (only the 2NNMEAM part):
DEc, Re, a, drep, datt, Cmin (i-j-i), Cmin (j-i-j), Cmin (i-i-j), Cmin (i-j-j), Cmax

(i-j-i), Cmax (j-i-j), Cmax (i-i-j), Cmax (i-j-j) and q0(i)/q0(j)) for i-j pair,
and Cmin (i-k-j), Cmin (i-j-k), Cmin (j-i-k), Cmax (i-k-j), Cmax (i-j-k) and
Cmax (j-i-k) for i-k-j triplet. The Qeq part of our model operates only
when a charge is assigned to the atoms in the system. This means
that unary or metallic alloy systems are described only by the pris-
tine 2NNMEAM formalism. Thus, we use the previously reported
2NNMEAM parameters of Li [26] and Co [27] without any modifi-
cation. The 2NNMEAM and Qeq parameters for pure O are taken
from a previous study on Ti-O and Si-O systems [19]. The Qeq
parameters for pure Li and binary 2NNMEAM parameters for the
Li-O pair had been determined during the development of the Li-
Mn-O ternary potential in another previous study [20], and we
use those parameters in this study. Therefore, a total of forty-one
parameters (seven Qeq parameters for pure Co, fourteen binary
2NNMEAM parameters for each Li-Co and Co-O pair, and six tern-
ary 2NNMEAM parameters for Li-Co-O triplet) are optimized in this
study. The optimization of the parameters is performed using a
genetic algorithm (GA). The finally selected potential parameters
are listed in Table 1. The cutoff distances for 2NNMEAM and Cou-
lomb interaction are taken as 4.8 Å and 12.0 Å, respectively.
3. Evaluation of the potential development

The reliability of the atomistic simulation results depends on
the accuracy of the interatomic potential used in the simulation.
In this section, we evaluate whether the developed potential cor-
rectly reproduces various fundamental material properties of the
relevant material systems (Li-Co, Co-O and Li-Co-O). The repro-
duced properties are divided into two groups. One includes target
properties fitted in a parameter optimization process: lattice
parameters, elastic constants, enthalpy of formation and lithium
migration energy barrier. The other involves properties calculated
to check the transferability of the potential, which are not fitted:
redox potential and defect formation energies. In addition, we
check whether the developed potential remains reliable in finite
temperature simulations as well as in zero K calculations. We
use our own in-house code for all calculations, and the source code
is included in the ESI of this paper. During all calculations, the
charge on individual atoms is automatically determined according
to the atomic environment by the Qeq scheme. No charge is
assigned to Li and Co atoms in Li-Co alloys. Co atoms have the
charge within the range of +1.04 and +1.09, and O atoms between
�1.04 and �0.55 in Co1�xOx (1/2 � x � 2/3). In LixCoO2 (0 � x � 1)
compounds, the charge of Li, Co and O atoms are between 0 and
+0.42, between +1.09 and +1.08, and between �0.55 and �0.74,
respectively.



Table 1
2NNMEAM + Qeq parameters for pure Li, Co and O, Li-Co, Li-O and Co-O pair, and Li-Co-O triplet. 2NNMEAM parameters (Ec, Re, a, drep, datt, A, t(1)–(3), b(0)–(3), Cmin, Cmax) for pure Co
[27], and all parameters for Li [20], O [19], Li-O [20] are as published in literature. Qeq parameters (v0, J0, DE(2)–(4), f, Z) for Co, and 2NNMEAM parameters for Li-Co, Co-O and Li-
Co-O were optimized in this study.

Element Li Co O i-j pair Li-Co Li-O Co-O

Reference bcc hcp dimer Reference b1 b1 b1
Ec (eV/atom) 1.65 4.41 2.56 Ec (eV/atom) 2.12 1.68 1.79
Re (Å) 3.02 2.50 1.21 Re (Å) 2.31 1.95 2.08
a 3.10 5.24 6.88 a 3.98 7.32 6.10
drep 0.05 0.00 0.00 drep 0.00 0.07 0.02
datt 0.05 0.00 0.00 datt 0.00 0.07 0.00
A 0.95 0.90 1.44 Cmin (i-j-i) 1.80 1.00 4.00
t(1) 2.30 3.00 0.10 Cmin (j-i-j) 0.16 0.30 0.10
t(2) 5.00 5.00 0.11 Cmin (i-i-j) 0.30 0.70 0.50
t(3) 0.50 �1.00 0.00 Cmin (i-j-j) 0.30 0.60 0.50
b(0) 1.65 3.50 5.47 Cmax (i-j-i) 3.60 1.55 5.00
b(1) 1.00 0.00 5.30 Cmax (j-i-j) 2.80 1.55 1.80
b(2) 4.00 0.00 5.18 Cmax (i-i-j) 2.80 1.35 4.00
b(3) 1.00 4.00 5.57 Cmax (i-j-j) 2.80 2.15 4.00
Cmin 0.16 0.49 2.00 q0(j)/q0(i) 2.0 24.0 12.0

Cmax 2.80 2.00 2.80 i-j-k triplet Li-Co-O

v0 (eV/e) �9.50 1.87 10.11 Cmin (i-k-j) 1.20
J0 (eV/e2) 50.0 9.42 20.5 Cmin (i-j-k) 4.00
DE(2) (eV) 50 35 5.63 Cmin (j-i-k) 2.50
DE(3) (eV) – 50 50 Cmax (i-k-j) 4.10
DE(4) (eV) – – – Cmax (i-j-k) 6.00
f (Å�1) 10.0 4.0 2.39 Cmax (j-i-k) 5.00
Z (e) 0.00 0.00 0.00
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3.1. Evaluation of the Li-Co potential

In the Li-Co binary system, there is no stable compound to be
considered for parameter optimization. Therefore, we determine
the parameters for the Li-Co pair by fitting the equation of state
(EOS) for a hypothetic phase of the B1 structure and the enthalpy
of formation (DHf) of hcp-LixCo1�x solid solutions to DFT calcula-
tions. We perform the DFT calculations using the Vienna ab initio
simulation package (VASP) [33] within the project-augmented
wave (PAW) [34] method. The generalized gradient approximation
Perdew-Burke-Ernzerhof (GGA-PBE) exchange and correlation
functional are applied to all calculations [35]. The plane wave cut-
off energy is 520 eV. Self-consistent calculations are done by the
tetrahedron method with Blöchl correlations [36]. An effective
on-site Hubbard Ueff of 3.32 eV for Co ions is included in all calcu-
lations [37].

In the lithium cobalt binary alloy, the charge state of metal
atoms is neutral because the charge flow (or split-charge) between
metal elements is not defined. Thus, the metallic alloy system is
handled by the 2NNMEAM part only. Since the 2NNMEAM poten-
tial formalism reproduces the EOS for the given reference structure
Fig. 1. (a) Equation of state of B2-LiCo as a function of volume and (b) enthalpy of
correctly by definition, the calculated EOS of B1 agrees well with
the DFT calculation as shown in Fig. 1(a). In the case of the hcp-
solid solution of LixCo1�x, Niessen et al. [38] report that there is
some solid solubility of Li in Co, and that the DHf would have pos-
itive values. Although our calculation overestimates the DFT calcu-
lation in the entire composition range, it is coincident with the fact
that DHf is positive as shown in Fig. 1(b).

3.2. Evaluation of the Co-O potential

There are three cobalt oxides, CoO, Co3O4 and Co2O3 [39]. At
ambient temperatures, CoO has an NaCl-type B1 crystal structure
[40,41]. A zinc blende type B3 and a wurtzite type B4 structure
of CoO have also been discovered from experiments [40,41].
Co3O4 is known to crystallize in the normal spinel structure
[39,42,43]. It is known that CoO and Co3O4 have a small number
of deviations from stoichiometry with cation defects. In this study,
however, CoO and Co3O4 are treated as stoichiometric compounds.
Co2O3 (corundum structure) appears to be stable only at low tem-
peratures below 500–700 K or under high oxygen partial pressure
[39,44]. In addition to the experimentally investigated phases, we
formation of hcp-LixCo1�x solid solution as a function of lithium concentration.



Table 2
Lattice parameters of cobalt oxide phases.

Phase 2NNMEAM + Qeq % error Expt. DFTf

CoO B1 a (Å) 3.8691 �9.04 4.267a 4.24b 4.279
CoO B3 a (Å) 4.1679 �8.60 4.57a 4.55b 4.593
CoO B4 a (Å) 2.9786 �7.21 3.21a 3.21b 3.266

c (Å) 4.8627 �7.20 5.24a 5.24b 5.276
Co3O4 a (Å) 7.9149 �2.08 8.086c 8.08d 8.152
Co2O3 a (Å) 4.8507 �0.64 4.882e 5.037 g

c (Å) 13.0118 �2.75 13.38e 13.413 g

Co5O8 b (Å) 8.1189 +0.47* 8.081
Layered Li0CoO2 a (Å) 2.9704 +4.59* 2.84

c (Å) 14.8751 +4.30* 14.262
Spinel Li0CoO2 a (Å) 8.4060 +5.47* 7.97
CoO2 (I4/m) a (Å) 9.7749 +2.93* 9.497

c (Å) 2.9771 +3.55* 2.875
CoO2 (Pmnb) a (Å) 2.9497 +2.81* 2.869

b (Å) 8.8650 +6.69* 8.309
c (Å) 10.1734 +2.49* 9.926

rRMSE (%) 5.43

a Ref. [40].
b Ref. [41].
c Ref. [42].
d Ref. [43].
e Ref. [44].
f Ref. [37].
g Ref. [49].
* Relative error with respect to the DFT calculation.

Table 3
Bulk modulus (GPa) of cobalt oxide phases.

Phase 2NNMEAM + Qeq DFTa

CoO B1 324 236
CoO B3 175 129
CoO B4 124 130
Co3O4 147 160
Co2O3 161
Co5O8 88 140
Layered Li0CoO2 33 23
Spinel Li0CoO2 48 120
CoO2 (I4/m) 90 69
CoO2 (Pmnb) 92 134

a Ref. [37].

Fig. 2. Enthalpy of formation of cobalt oxide phases in comparison with experi-
mental data [39] and a DFT calculation [37].
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also consider five hypothetic phases that are predicted to be
(meta-)stable by a DFT calculation [37]: Co5O8 (the same structure
as cubic Mn5O8 [45], space group: F�43m), layered Li0CoO2 (a fully
delithiated structure of layered LiCoO2 [46,47], space group:
R�3m), spinel Li0CoO2 (a fully delithiated structure of spinel LiCoO2

[48]), and two more CoO2 phases of which the space group is I4/m
and Pmnb. By including these hypothetical phases in the fitting
procedure of the Co-O binary system, our final ternary potential
should have a better performance in the ternary Li-Co-O system.
Table 4
Elastic constants (GPa) of CoO phases.

B1 B3

2NNMEAM + Qeq Exp.a 2NNMEAM

B 324 180.9 175
C11 353 255.6 158
C12 296 143.6 167
C44 118 80.3 37
C13
C33
C66

a Ref. [50].
b Ref. [37].
To evaluate whether the developed potential can reproduce the
structural properties of cobalt oxide compounds, we compare the
calculated lattice parameters of all the phases considered in the fit-
ting procedure with experimental data [40–44] and DFT calcula-
B4

+ Qeq DFTb 2NNMEAM + Qeq DFTb

129 124 130
145 132 183
122 79 116
59 30 29

80 98
320 178
27 33



Table 5
Lattice parameters of lithium cobalt oxide phases.

Phase 2NNMEAM + Qeq % error Expt. DFT

Layered LiCoO2 a (Å) 2.7915 �0.90 2.8155a 2.8149b 2.8260f 2.8380 g

c (Å) 13.5927 �3.30 14.0550a 14.0525b 14.2070f 14.1730 g

Spinel LiCoO2 a (Å) 7.8365 �2.29 7.994c

Layered Li0.5CoO2 a (Å) 5.0291 +3.32 4.865d 4.865e 4.897 g

b (Å) 2.7948 �0.46 2.806d 2.809e 2.947 g

c (Å) 4.6259 �8.75 5.093d 5.063e 5.098 g

b (�) 106.8090 �1.68 109.33d 108.68e 109.33 g

Spinel Li0.5CoO2 a (Å) 8.0261 +0.43 7.992c 8.0310f

rRMSE (%) 3.03

a Ref. [46].
b Ref. [47].
c Ref. [48].
d Ref. [51].
e Ref. [52].
f Ref. [53].
g Ref. [54].

Table 6
Bulk modulus (B) and enthalpy of formation (DHf) of lithium cobalt oxide phases.

Phase B (GPa) DHf (eV/atom)

2NNMEAM + Qeq Ref. 2NNMEAM + Qeq Ref.

Layered LiCoO2 163 149a1 142.9a2 117b �1.7140 �1.782b �1.762c �1.78d

Spinel LiCoO2 165 �1.7018
Layered Li0.5CoO2 135 89b �1.4808 �1.499b �1.4390c

Spinel Li0.5CoO2 158 �1.5065 �1.457b �1.516d

a Ref. [46]: 1Exp., 2DFT.
b Ref. [37], DFT.
c Ref. [55], Exp.
d Ref. [53], DFT.

Fig. 3. Formation energy of delithiated Li1�xCoO2 (layered structure) in comparison
with DFT calculations: aRef. [56], bRef. [57].
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tions [37,49], as shown in Table 2. Our calculation for CoO phases
underestimates the lattice parameters compared to the experi-
mental data [40,41] by about 8% while those for Co3O4 and Co2O3

are in good agreement (around 2% error) with the experimental
data [42–44]. The relative error of our calculation for the hypothet-
ical phases is around 5% compared to the DFT calculations [37,49].
In overall, the calculated lattice parameter of cobalt oxide phases is
within a reasonable error range (relative root mean squared error,
rRMSE is 5.43%).

Table 3 shows the calculated bulk modulus of cobalt oxide
phases in comparison with a DFT calculation [37]. The result is in
an acceptable agreement with the DFT calculation. Table 4 shows
the calculated elastic constants of CoO B1, B3 and B4 phases in
comparison with experimental data [50] for B1 and a DFT calcula-
tion [37] for B3 and B4. Our potential reproduces the elastic con-
stants of CoO B1, B3 and B4 well. To verify that our potential
correctly reproduces energetics of lithium oxide phases, we com-
pare the calculated enthalpy of formation, DHf, with experimental
data [39] and a DFT calculation [37] in Fig. 2. The calculated DHf of
CoO B1 and Co3O4 is between the experimental data and the DFT
calculation. Our potential predicts that the B1 phase is energeti-
cally more stable than the B3 and B4 phases and also the hypothet-
ical B2 phase. There is no available experimental data for DHf of
Co2O3, Co5O8 and CoO2 phases. The DHf of those phases are pre-
dicted within the overall tendency of the DHf curve.

Although the calculated materials properties for the Co oxides
are generally comparable to literature data, it needs to be men-
tioned here that our potential tend to underestimate the lattice
constants for low valence Co oxides while shows the opposite for
high valence Co oxides. This tendency had also been observed in
our previous work for Mn oxides [20]. At this moment, it is hard
to say the reason for the systematic error in lattice constants and
even to say whether such an error characteristic is an inherent
one in the 2NNMEAM + Qeq formalism or not. A continuous atten-
tion would need to be paid to this error characteristic in future
works.
3.3. Evaluation of the Li-Co-O potential

The Li-Co-O ternary system contains the following phases: lay-
ered LiCoO2 (hexagonal, space group: R�3m [46,47]) and Li0.5CoO2

(monoclinic, space group: P2/m [51,52]), and spinel LiCoO2 (space
group: Fd�3m) and Li0.5CoO2 (space group: Fd�3m) [48]. For the same
purpose as in the Co-O binary system, we compare the calculated



Table 7
Redox potentials (V) in lithium cobalt oxide phases.

Phase 2NNMEAM
+ Qeq

Expt. DFT

Layered [LiCoO2/
Li0.5CoO2]

3.347 3.9a, 3.85–
4.0b, 4.2c

3.75d, 3.38e1, 3.85e 2,
4.51e 3

Spinel [LiCoO2/
Li0.5CoO2]

3.069 3.61a, 3.3–3.9b 3.26d

a Ref. [68].
b Ref. [69].
c Ref. [70].
d Ref. [66], LDA.
e Ref. [67]: 1GGA, 2GGA + U, 3HSE06.

Fig. 4. Li migration energy barrier in layered LiCoO2 according to two different migration pathways: (a) oxygen dumbbell hop (ODH) for hopping to an isolated vacancy site
and (b) tetrahedral site hop (TSH) for hopping with a divacancy.
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fundamental materials properties (lattice parameters, elastic con-
stants and enthalpy of formation) of Li-Co-O compounds with
experimental data and/or DFT calculations. For practical applica-
tions, we check the reproducibility of the present potential for
the lithium migration energy barrier and the redox potential. We
also check the reliability of the potential at finite temperatures.

Table 5 shows calculated lattice parameters of lithium cobalt
oxide phases in comparison with experimental data [46–
48,51,52] and DFT calculations [53,54]. The present potential gen-
erally reproduces the lattice parameters well, and the relative root
mean-squared error (rRMSE) is 3.03%. Table 6 summarizes the cal-
culated bulk modulus, and the enthalpy of formation (DHf) of
Table 8
Defect formation energies of layered LiCoO2.

Defect type 2NNME

Li Frenkel (isolated/neighboring, eV) 2.561/2
Co Frenkel (isolated/neighboring, eV) 4.301/2
O Frenkel (isolated/neighboring, eV) 6.635/4
CoLiLiCo (isolated/neighboring, eV) 1.616/1
(0 0 0 1) surface (J/m2) 0.770
(0 1 �1 0) surface (J/m2) 1.443

(1 1 �2 0) surface (J/m2) 0.979

a Ref. [71].
b Ref. [72].
c Ref. [73].
d Ref. [74].
e Ref. [75].
f Ref. [76].
g Ref. [53].
h Ref. [77].
i Ref. [4].
* Calculation using empirical potential model (Born + Shell model).
lithium cobalt oxide phases is listed with the experimental data
[46,55] and/or DFT calculations [37,46,53]. The present potential
generally overestimates the bulk modulus of layered LiCoO2 and
Li0.5CoO2 compared to the DFT calculations. The calculated
enthalpy of formation agrees well with the experimental data
and DFT calculations. To validate that the present potential can
describe the full-delithiation for LiCoO2 cathode material, we cal-
culate the formation energy of delithiated Li1�xCoO2 (layered)
where 0 < x < 1 and compare it with DFT calculations [56,57], as
shown in Fig. 3. We consider all combinations for the removal of
Li atoms in the 2 � 2 � 1 supercell for delithiated Li1�xCoO2 and
calculate the minimum energy at each lithium composition. The
calculated formation energy of delithiated Li1�xCoO2 is comparable
with a GGA + U calculation [56].

One of the main objectives of developing the potential is to uti-
lize it for large-scale diffusion simulations at finite temperatures.
As a way to see whether the potential can be utilize for the diffu-
sion simulation, we calculate in advance the lithium migration
energy barrier in layered LiCoO2 at 0 K. Van der Ven et al. [58,59]
proposed through a DFT calculation that there are twomechanisms
of lithium migration path depending on the lithium-vacancy
arrangement around the hopping ion in the layered LiCoO2 unit cell
(space group: R�3m). When a lithium atom hops into an isolated
vacancy site, the migration occurs along a linear path passing
through the oxygen dumbbell (oxygen dumbbell hop, ODH). If
the lithium atom hops into a vacancy that is part of a divacancy,
AM + Qeq DFT

.272 3.43a 3.19–3.72b 3.74c 9.87*,i

.266 1.836d 21.74*,i

.777 9.01*,i

.626 2.34c 1.602d 2.79*,i

0.6e 0.4–1.0 g 0.774 h 1.38*,i

2.943 g 3.13*,i

2.387f 2.241 g 2.95*,i



Fig. 5. Energy of cobalt oxide phases and lithium cobalt oxide phases as a function of temperature (solid symbol: during heating and open symbol: after rapid cooling to 0 K).
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the migration occurs through the tetrahedral site, which is cen-
tered between the two vacancies and the initial site (tetrahedral
site hop, TSH). We calculate the relative energy as a lithium atom
migrates from an initial site to a neighboring vacant lithium site
along these two migration paths as shown in Fig. 4(a) and (b).
The migrating lithium atom and distanced atoms are fixed, and
all the other atoms and cell sizes are fully relaxed. To check the cell
size effect in the calculation, we consider different cell sizes, 108
(3 � 3 � 1 super cell) and 2400 atoms (10 � 10 � 2 super cell).
The size effect is negligible, as shown in Fig. 4.

The present potential predicts the migration energy barrier to
be around 0.8 eV for the ODH and 0.4 eV for the TSH. DFT (LDA) cal-
culation of Van der Ven and Ceder [58] is 0.8 eV (ODH) and 0.23–
0.6 eV (TSH). More recently, Ning et al. [60] point out that the
LDA calculation overestimates the lithium migration energy bar-
rier in layered LiCoO2 and report the value 0.39 eV (ODH) through
a GGA + U calculation. Zhu et al. [61] and Andriyevsky et al. [62]
report similar values using the GGA + U, 0.3 and 0.44 eV, respec-
tively. Li et al. [56] calculate the lithium migration energy barrier
according to the TSH mechanism using the GGA + U method and
obtained the value 0.21 eV. Kang et al. [63] report through a GGA
DFT study that the barrier for Li migration in layered Li(Ni0.5Mn0.5)
O2 is sensitively depends on the interlayer distance, that is, the bar-
rier increases as the interlayer distance decreases. The present
potential underestimates the lattice parameter c of layered LiCoO2

as shown in Table 5. Thus, the overestimated migration energy bar-
rier from our potential is consistent with the DFT report of Kang
et al. [63]. Our result and the previously reported values based
on DFT calculations indicate that the existence of the vacancy sites
around the hopping Li ion reduces the migration energy barrier in
layered LiCoO2 significantly. Experimentally, the migration energy
barrier is reported as being 0.3 [64] and 0.32 eV [65].

The properties discussed above (lattice parameters, elastic con-
stants, enthalpy of formation and lithiummigration energy barrier)
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are the properties used for parameter fitting. Our results confirm
that the Li-Co-O ternary potential parameters are sufficiently well
optimized. The other group of properties, not used for fitting but
examined to check the transferability of the developed potential,
are the redox potential and defect formation energy. The redox
potential describes the voltage needed to extract Li atoms out of
a bulk system, and is calculated using the expression given in Refs.
[66,67]. Table 7 summarizes the calculated redox potential in com-
parison with experimental data [68–70] and DFT calculations
[66,67]. For layered and spinel LiCoO2, the calculated redox poten-
tial associated with half delithiation (LiCoO2/Li0.5CoO2), 3.347
(layered) and 3.069 V (spinel), somewhat underestimates the
experimental value, 3.9–4.2 (layered) and 3.3–3.9 V (spinel) [68–
70]. The DFT calculations show a discrepancy depending on the
approximation method (LDA [66], GGA, GGA + U and HSE06 [67]),
as shown in Table 7. The underestimation of the redox potential
had also been observed for lithium manganese oxides in our recent
work on the Li-Mn-O system [20] using the same potential model.
We infer that the underestimated redox potential comes from the
formalism of our potential model intrinsically, not from the choice
of parameter set. DFT calculations using the GGA method also gen-
erally underestimate the redox potential of transition metal oxides,
and can reproduce correct values only when adopting an optimal U
value of transition metal ion, which calibrates the electrostatic
interaction of d-orbital electrons. The present potential model only
considers 1s-orbital electrostatic interactions for mathematical
simplification, and may need to be modified in a way to consider
the electrostatic interaction of 3d-orbitals to be able to compute
the redox potential more accurately.

Finally, we check whether the developed potential reproduces
the defect properties well. We calculate the defect formation ener-
gies of the layered LiCoO2 for point defects (Frenkel defects and
cation anti-site defect) and planar defects (low-index surfaces),
and compare them with DFT calculations [53,71–77] and another
empirical model (Born + Shell model) [4]. Table 8 summarizes the
calculation results. The X Frenkel defect is a pair of an X vacancy
and an X interstitial defect (at tetrahedral site) and the cation
anti-site (CoLiLiCo) defect is a pair of a Li atom in a Co site and a
Co atom in a Li site. We calculate the point defect formation ener-
gies according to the relative distance (isolated or neighboring)
between two component defects. The literature data for point
defects correspond to the isolated case. Our calculation for the
point defect formation energies is generally in good agreement
with other calculations. For the planar defect, we consider (0 0 0
1), (0 1 �1 0) and (1 1 �2 0) surfaces. The (0 0 0 1) surface is a polar
type, which has different termination on both sides. We rearrange
some of the lithium atoms on one side to the opposite side to make
both sides the same, as in Refs. [53,75,77]. The (0 1 �1 0) and (1 1 �2
0) surfaces are a non-polar type, which has all equivalent layers, so
the termination is uniquely defined. The calculated (0 0 0 1)
surface energy well matches with the reference data, while the cal-
culated (0 1 �1 0) and (1 1 �2 0) surface energy somewhat underesti-
mates the reference data. Our potential reproduces the relative
stability between the surfaces well. It needs to be also mentioned
here that the (0 0 0 1) surface involves broken bonds of Li, while
(0 1 �1 0) and (1 1 �2 0) surfaces involve both Li and Co broken
bonds. The relative worse estimation of the (0 1 �1 0) and (1 1 �2 0)
surface energy indicates that the present potential for the Co-O
system may have a room for further improvement in future works.
Fig. 6. MSD (log-scale) of lithium atoms in Li0.8CoO2 along x, y and z-axes at 1000 K
as a function of time (log-scale) and snapshot of layered Li0.8CoO2 structure during
MD simulation at 1000 K.
3.4. Reliability of the potential for finite temperature simulation

The properties listed above are calculated at 0 K for the evalua-
tion of the developed potential. In practical applications, however,
the potential is mainly utilized for MD simulations at finite tem-
peratures. Some incomplete potentials often fail to perform the
finite temperature simulation accompanied by a transformation
of the structure into an unknown structure. In this case, if the
energy decreases to an extent that the unknown structure becomes
a thermodynamically stable phase, the potential is not reliable, at
least in that compositional range. It is necessary to test whether
the developed potential performs well at finite temperatures,
meaning that any undesirable phase transformation does not
occur. Therefore, we perform a test simulation that heats and cools
the samples to analyze the change in energy and structure for all
compound phases. The MD simulation is conducted using our in-
house code, as mentioned already. In this code, temperature and
pressure are controlled by the Velocity Rescaling method and the
Parrinello-Rahman NpT ensemble, respectively. The time step used
in this simulation is 0.0002 ps, and periodic boundary conditions
are applied into all directions. The samples contain about 2000–
4000 atoms, temperature is increased by 200 K from 0 to 3000 K.
The simulation time is 10 ps per each temperature. Then, the
heated sample at each temperature is rapidly cooled to 0 K to
check whether the structure is maintained or transformed. If the
energy of the rapidly cooled sample recovers the initial energy,
one may think that the undesirable phase transformation does
not occur during the simulation.

Fig. 5 shows the change in internal energy of cobalt oxide
phases and lithium cobalt oxide phases obtained from the above-
described simulation as a function of temperature. The solid sym-
bols in Fig. 5 represent the energy during heating, and the open
symbols represent the energy after rapid cooling to 0 K from each
temperature. Most cobalt oxide phases exhibit a monotonic
increase in energy as the temperature increases and recover the
initial 0 K energy after rapid cooling, which is a desirable result.
Although some transformations involving a decrease in energy
occur for the metastable CoO B4 and hypothetical Co5O8, these
are not considered problematic because the decrease in energy
does not exceed the criterion that a wrong phase should not be
the most stable phase at the corresponding composition. As in
the Co-O system, we confirm that the developed ternary Li-Co-O
potential is reliable at finite temperatures. The energy of all com-
pounds monotonically increases during heating and recovers the
initial energy after rapid cooling to 0 K. The small increase of
energy in rapidly cooled ternary oxide samples is due to local
defects introduced during high temperature equilibration and
remained during the rapid cooling and relaxation at 0 K. The
further increase of energy at higher temperatures is due to the loss



Fig. 7. (a) Energy of layered Li1-xCoO2 as a function of temperature and MSD (log-scale) of lithium atoms in Li1�xCoO2 at each temperature where (b) x = 0, (c) x = 0.002, (d) x =
0.1, (e) x = 0.2, (f) x = 0.3, (g) x = 0.4 and (h) x = 0.5 as a function of time (log-scale).
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of crystallinity (melting). From the result of this simulation, we
confirm that our Co-O binary and Li-Co-O ternary potential is
reliable for dynamics simulations in a wide temperature range
without causing any undesirable phase transformations (an
appearance of an unknown structure as a stable phase).
4. Diffusion of lithium in layered Li1�xCoO2

The diffusion of lithium in the cathode is determinant on the
charge/discharge rate of the LIB. During the charge/discharge pro-
cess, the stoichiometry of cathode materials varies by the delithia-



Fig. 8. Diffusion coefficient of lithium in layered Li1�xCoO2 as a function of
temperature.

Fig. 9. Activation energy for lithium diffusion in layered Li1�xCoO2 phases.
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tion/lithiation reaction, but the effect of the stoichiometry on the
diffusion properties is not well-known experimentally and theo-
retically. Thus, to investigate lithium diffusion properties in lay-
ered Li1�xCoO2 according to the lithium composition, we perform
diffusion simulations using the developed potential. We use sam-
ples of layered Li1�xCoO2 (x = 0, 0.002, 0.1, 0.2, 0.3, 0.4 and 0.5) con-
taining about 2400 atoms, carry out the simulations at
temperatures from 300 to 1400 K for 1000 ps.

The mean-squared displacement (MSD) of lithium atoms is cal-
culated from trajectories of samples gathered at every 0.1 ps. We
calculate the average of the MSD values for 10 sections divided
from the data for 1000 ps to reduce statistical error. It should be
noted that most experimental investigations indicate that lithium
atoms in a layered Li1�xCoO2 structure diffuse only along the x-
and y-axes, i.e. a plane parallel to the Li- and CoO2-layers. Fig. 6
shows a snapshot of a layered Li0.8CoO2 structure during MD sim-
ulation at 1000 K as a representative example, together with the
MSD of lithium atoms in Li0.8CoO2 along the x-, y- and z-axes at
1000 K. The MSD curves for the x- and y-axes linearly increase with
time, while that for the z-axis becomes flat, which means lithium
atoms diffuse only in the same layer (xy plane) and do not cross
the CoO2 layer (along the z-axis). Fig. 7(a) shows the change in
internal energy of the Li1-xCoO2 samples, indicating that the struc-
tures of the Li1�xCoO2 phases are maintained up to 1200–1400 K.
Fig. 7(b)–(h) present the calculated MSDs of lithium atoms in Li1�-
xCoO2 samples at each temperature. The MSD curve at tempera-
tures below 500–800 K is flat, meaning noticeable diffusion is
difficult to observe at low temperatures within a general MD time
scale. From the increase in the MSD curve at higher temperatures,
it can be confirmed that lithium atoms diffuse inside the layered
structure. As can be simply predicted, the diffusion of lithium
atoms occurs actively as the lithium vacancy concentration
increases.

The diffusion coefficient of lithium (DLi) is calculated for quan-
titative comparison with experimental information. DLi is obtained
from the MSD data using Einstein’s relation. In the layered
structure, a lithium atom can migrate through two-dimensional
channels (within the same layer), so we consider MSD data for only
the x- and y-axes. Fig. 8 shows the calculated DLi (log-scale) in
Li1�xCoO2 as a function of temperature (reciprocal-scale). The DLi

for x = 0 and 0.002 at temperatures below 800 K cannot be calcu-
lated since the MSD is almost constant. For the same reason, DLi

at 300 K for all compositions cannot be directly obtained from
MSD data. However, since the experimental values [78] are those
measured at room temperature, we extrapolate our data to esti-
mate the DLi at 300 K. The estimated values for DLi of layered Li1�-
xCoO2 at 300 K are within the range of 10�12–10�14 m2/s, as shown
in Fig. 8, where x varies from 0.5 to 0.1. The present calculation is in
good agreement with the experimental values [78], 7 ± 2 � 10�14

m2/s, obtained by muon-spin spectroscopy for Li0.73CoO2 samples.
The estimation for DLi of Li1�xCoO2 (x = 0 and 0.002) at room tem-
perature is in the order of 10�20 m2/s, but it may somewhat dis-
agree with the actual value since it is extrapolated from data
points relatively far apart from room temperature. It is interpreted
that lithium diffusion is significantly reduced, since the diffusion
occurs through the ODH mechanism with a higher energy barrier
when the vacancy sites are insufficient around the hopping lithium
atom.

From the temperature dependency of the calculated DLi, the
activation energy (Ea) of lithium migration can be obtained
through the Arrhenius equation, that is, the slope of logDLi vs 1/T
plot in Fig. 8. Fig. 9 shows the calculated activation energy as a
function of the lithium vacancy concentration. It is clearly shown
that the activation energy is significantly different according to
the lithium vacancy concentration. The calculated activation
energy of Li1�xCoO2 (0.1 < x < 0.5) is around 0.3–0.4 eV, which is
in good agreement with the experimental value of 0.3 [64] and
0.32 eV [65]. In the case of x = 0 and 0.002, the value is about
0.7–0.8 eV, which is supposed to correspond to the migration
energy barrier for ODH. Generally, the Ea calculated from MD sim-
ulation at finite temperatures has a lower value than the migration
energy barrier calculated by directly moving a lithium atom at 0 K,
because the MD simulation at finite temperature contains thermal
fluctuations and vacancy sites. The activation energy obtained
from the finite temperature MD simulations, 0.3–0.4 eV (0.1 < x <
0.5) and 0.7–0.8 eV (x = 0 and 0.002), is slightly lower than the
migration energy barrier at 0 K, 0.4 eV for TSH and 0.8 eV for
ODH, respectively. The results indicate that the governing
mechanism of lithium migration changes depending on the
vacancy concentration: from the ODH at low vacancy concentra-
tions (x < 0.1) to the TSH at high vacancy concentrations (x > 0.1).

It has been shown that the developed interatomic potential of
the Li-Co-O system describes the Li diffusion behavior in the Li1�-
xCoO2 reasonably well. It should be mentioned here that the inter-
atomic potential of the Li-Mn-O system had also been developed
through a similar approach and that of the Li-Ni-O system is ongo-
ing. Combining the ternary potentials would enable large-scale
atomistic simulations to predict the diffusion, phase transition
and defect properties of the Li-(Co, Mn, Ni)-O multi-component
system and would provide useful insight into atomic-scale
dynamic behavior in developments of new LIB cathode materials.
The diffusion simulation code used in this study also is imple-
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mented in the iBat simulation platform (http://battery.vfab.org),
which provides various multi-scale simulation techniques for LIB
materials.
5. Conclusion

The potential developed for the Li-Co-O system reproduces the
various fundamental material properties of cobalt oxide and
lithium cobalt oxide compounds in reasonable agreements with
experimental data and DFT calculations. The calculated diffusion
properties are self-consistent and are in good agreement with
experimental information. The calculation shows that the lithium
diffusion coefficient and the activation energy for lithium migra-
tion in layered Li1�xCoO2 are significantly influenced by lithium
vacancy concentration. The governing mechanism of diffusion in
Li1�xCoO2 is dependent on the lithium vacancy concentration,
varying from the ODH at low concentrations to the TSH at high
concentrations.
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