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The physical origin of the degradation on the cycling performance of LiCoO2 upon deep lithium
extraction is studied from first principles calculations. Results show that the structural stability is
strongly associated with the electronic structures of Co-3d, which is very flexible and can be exhibited
as different electronic configurations. In LiCoO2, Co3+ is non-magnetic and holds the (t2g↑)3(t2g↓)3
electronic configuration. Upon lithium deintercalation, some Co3+ ions loss one electron and become
Co4+ with (t2g↑)3(t2g↓)2 configuration. Both structures are stable since the distortion of the CoO6
octahedral is small, and thus these structures do not contribute much to the instability. On the other
hand, oxygen vacancy is one important reason to the structural instability. We found that spin flip
occurs to the electronic structure of Co-3d close to oxygen vacancies. Co3+ holds the (↑)4(↓)2 electronic
configuration and magnetized with 2 μB magnetic moment. Furthermore, some Co3+ obtains one
electron and becomes Co2+ near the oxygen vacancy. In these cases, the charge distribution around the
Co atom is not symmetric and the local structure is distorted obviously, which can further accelerate
the process of the structural degradation.

Keywords: Lithium ion batteries; High voltage charging; Structural stability; LixCoO2; Electronic
structure
1. INTRODUCTION
Materials for cathodes in lithium rechargeable batteries have been widely studied in the last
three decades. The energy density is still a big problem for wide application of lithium ion batteries in
the electrical vehicle. Among various cathodes materials studied, LiCoO2 is the most widely used in
the lithium ion battery industry [1, 2]. LiCoO2 has a theoretical capacity of about 270 mAhg-1 when all
Li atoms are extracted from the material, while the practical capacity achieves only 130–150 mAhg-1
[3], indicating that only half of the Li atoms can be used during the charge/discharge process.
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In order to improve the energy density of lithium ion batteries, we can improve either the
capacity or the intercalation potential of the cathode material. Both of them can be achieved simply by
extracting more Li from the LiCoO2 lattice. However, the structural stability of the LiCoO2 material is
very bad during the charge/discharge cycling when more than half of the Li atoms are extracted, which
leads to poor cycling performance of the battery. Furthermore, high voltage charging of the material is
also harmful to the safety of the battery, because O2 gas will be released from the lattice accompanied
by structural transition upon high voltage charging, and then reacts with the electrolyte. Experiments
have shown that oxide coating layers like Al2O3, ZrO2, MgO, et al, can improve the structural stability
and thus the cycling performance [4-7]. However, the physical mechanism behind this improved
performance is still not clear to the literature. Oxides coating affects only the surface properties of the
material, it is hard to understand how the surface effect induced the bulk structural stability.
In order to understand the mechanism of the oxygen release problem in LiCoO 2 during the
charge/discharge process, it is important to understand the basic physical and chemical changes of the
materials upon lithium deintercalation. Experimentally, in situ synchrotron X-ray diffraction is applied
to observe the structural change of the material during cycling [8]. It is found that the phase transition
upon high voltage charging of Al2O3 coated LiCoO2 is reversible. Unfortunately, it is not easy to
observe the microscopic structure change and local electronic structure change from those in situ
experiments. Therefore, theoretical studies are important to reveal the physical mechanism of the
coating improved cycling performance.
The physical and chemical properties like electronic structures [9-10], lithium ion diffusion
[11], lithium ion ordering and phase stability, voltage-temperature phase diagram et al. [12] of the
partly delithiated LixCoO2 is studied with first principles calculations in the past. However, those
studies did not give reasonable predictions to the electronic and magnetic ground states of this
material. Co is nonmagnetic in stoichiometrical LiCoO2, as the average oxidation state of the cobalt is
Co3+ with 6 electrons taking the 3d-orbital. In an octahedral crystal field, 3d-orbital split into t2g triplet
and eg doublet. Therefore, both spin up and spin down of the t2g triplet is fully filled by the 6 electrons
in LiCoO2, which gives rise to a symmetric distribution of the charge around the CoO6 octahedral.
However, upon delithiation of the LiCoO2, the average oxidation state of Co is higher than +3.
Therefore, some Co atoms become Co4+ and the others remain Co3+. Experimentally, it is shown that
delithiated LixCoO2 (x<1) exhibits magnetic ground state, indicating that the charge distribution in the
spin up and spin down channels are no longer symmetric. However, conventional local density
approximation (LDA) or general gradient approximation (GGA) level of the calculation results in nonmagnetic solution of the ground state [9-12] and thus a metallic electronic structure, which is not
consistent with the experimental observations.
More recently, within the density functional theory (DFT) scheme, GGA+U (or LDA+U)
method, in which a Hubbard U term is added to describe the orbital dependence of the Coulomb and
exchange interaction[13, 14], is shown to give much better description of the electronic structure in
oxide cathode materials for lithium ion batteries [15-18]. In the present work, we show that GGA+U
also gives good description of the electronic ground state of LixCoO2 (x<1). Then, we focus on the
electronic and magnetic state changes upon lithium deintercalation process and oxygen release in
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LixCoO2, and we demonstrate that the Co spin state change in LixCoO2 (x=1, 0.75, 0.5 and 0.25) is
associated with the local structural distortion and thus the structural stability.

2. COMPUTATIONAL DETAILS
All calculations in the present study are performed at GGA+U level, with the projector
augmented wave (PAW) method [19] as implemented in the Vienna ab initio simulation package
(VASP) [20]. The U (the on-site coulomb term) value for the Co-3d state is selected to be 4.91 eV
according to other reports [17, 21], and our tested results show that this value is suitable for the
LixCoO2 system.
All calculations are performed with a 2×2×1 super cell containing 12 formula units (12Li, 12Co
and 24O). The convergence tests of the total energy with respect to the k-points sampling and cut-off
energy have been carefully examined, which ensure that the total energy is converged to within 10 -5 eV
per formula unit. The Monkhorst-Pack [22] scheme 3×3×1 k-points mesh is used for the integration in
the irreducible Brillouin zone. Energy cut-off for the plane waves is chosen to be 520 eV. Before the
calculation of the electronic structure, both the lattice parameters and the ionic position are fully
relaxed, and the final forces on all relaxed atoms are less than 0.005 eVÅ-1. In all the calculations, spin
polarization is included because the magnetic atoms play important roles in the electronic structure.
The calculation of the density of states (DOS) is smeared by the Gaussian smearing method with a
smearing width of 0.05 eV.

3. RESULTS AND DISCUSSION
3.1 The structure changes upon delithiation

Figure 1. Schematic views of the atomic structures of LiCoO2 and Li0.25CoO2 in the ball and stick
mode. The large (red), middle-sized (blue), and small (purple) spheres are O, Co and Li atoms,
respectively. The transparent polyhedral are CoO6 octahedral. Symbols “d1” and “d2” are the
O-O interlayer distance, “a” and “c” refer to the orientation of the lattice vectors.
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LiCoO2 is isostructural with α-NaFeO2, whose space group is R 3 m. Within this space group,
Li occupies the 3a, Co the 3b, and O the 6c sites. It has an ordered rock salt structure in which alternate
layers of Li and Co atoms occupy octahedral sites within the face centered cubic oxide array [23-24].
Figure 1 gives the relaxed structures of LiCoO2 and Li0.25CoO2. In general, we found that the CoO6
octahedral is kept unchanged upon delithiation, even when three fourth of Li atoms are removed from
the lattice, except for certain small distortion.
Table 1. The relaxed structural parameters of LixCoO2. The “d1” and “d2” correspond to the average
O-O interlayer distance shown in Fig. 1
System

Lattice parameters (Å)

a=b=5.6738
α= β= 90.00°
c=14.1670
γ =120.00°
Li0.75CoO2 a=5.6975
α= 89.78°
b= 5.6926
β= 89.99°
c=14.3781
γ =119.98°
Li0.5CoO2
a=5.6775
α= 89.42°
b= 5.6839
β= 89.98°
c=14.6222
γ =120.11°
Li0.25CoO2 a=5.6735
α= 89.53°
b= 5.6723
β= 90.46°
c=15.0530
γ =120.03°
a)
LiCoO2
a=b=2.8156
α= β= 90°
c=14.0542
γ =120°
a)
Li0.68CoO2 a=b =2.8107
α= β= 90°
c =14.2235
γ =120°
a)
Li0.48CoO2 a=b =2.8090
α= β= 90°
c =14.3890
γ =120°
a)
Li0.35CoO2 a=b =2.8070
α= β= 90°
c =14.3890
γ =120°
a). Experimental results from reference [25].
LiCoO2

Volume
(Å3)
395.11

Oxygen interlayer
distance (Å)
d1
d2
2.0657
2.6566

403.95

2.0277

2.7564

408.15

1.9355

2.9049

419.40

1.9079

3.1186

96.49

2.8156

3.0940

97.31

2.8107

3.1782

98.33

2.8090

3.2553

98.51

2.8070

3.2856

Detailed structural information is listed in Table 1, together with the experimental values [25].
These calculated lattice constants are basically in agreement with experimental values, although over
estimated to some extent. The lattice parameters a and b do not change significantly while c increases
when the lithium ions are extracted from the electrode. In the stoichiometric LiCoO2, the lattice
parameters a and b are the same. However, small difference between a and b is obtained from the
calculation when part of Li atoms are removed from the lattice. This is simply due to the distribution of
the remaining Li atoms in the lattice is not symmetric with our small unit cell. In a macroscopic case,
when Li atoms are distributed evenly in the lattice, this lattice parameter difference between a and b
will be disappeared. The reason for the difference in α and β for the delithiated cases is the same. For
the expanded lattice along the c-vector direction when lithium is partly removed, we believe it is due to

Int. J. Electrochem. Sci., Vol. 7, 2012

9394

the weakened coulomb interaction between positively charged Li layers and negatively charged CoO 6
layers. In fact, the binding forces in the layered LiCoO2 material include the coulomb interactions
between Li layers and CoO6 layers and Van der Waals interaction between CoO6 layers. When there
are more Li ions in the lattice, the binding forces are dominated by the coulomb interaction. Therefore,
when Li content is lowered during delithiation, the interaction strength is lowered and the lattice is
expanded along the c-axis direction. When the lithium content is very low (or completely removed),
the binding forces are dominated by the Van der Waals interaction. In this case, the system comes to a
new and shortened equilibrium layer to layer distance. At the same time, the O-O interlayer distances
also change substantially upon lithium extraction. The “d1”, which is 2.066 Å in LiCoO2, is shortened
by near 0.16 Å, to the value of 1.908 Å in Li0.25CoO2. The thickness of Co-O layer becomes thinner
indicates that the Co-O bonds becomes stronger. On the other hand, the “d2” is elongated substantially
from 2.657 Å in LiCoO2 to 3.119 Å in Li0.25CoO2, indicating that the layer to layer interaction
becomes weaker. These results are in good agreement with experimental findings [25].

3.2. Average delithiation potential
To enhance the energy density of the LiCoO2 material, it is suggested to charge the battery to a
higher voltage and extract more Li from the cathode. Here we calculated the average intercalation
potential of the LixCoO2 material at different stage. The average lithium extraction potential is
calculated by: [12, 26]:
Vave = -ΔG/nF
Where ΔG is the Gibbs free energy changes for the removal reaction, F is the Faraday constant,
and n is the Mole number of lithium ions removed. Generally, it is assumed that the changes in volume
and entropy are small during the reaction. Therefore, the average removal potential can be
approximately obtained from the internal energy given by:
Vave = -ΔE/nF
where ΔE is the calculated difference of the total energy. Here, the potential is examined by the
composition ranges. As for the energy changes of removal between LiCoO2 and LixCoO2, ΔE is given
by:
ΔE = E[LiCoO2]-E[LixCoO2]-(1-x) Ebcc[Li]
Where Etot[LiCoO2] and Etot[LixCoO2] are the total energy of LiCoO2 and LixCoO2, and Ebcc [ Li]
is the total energy of metallic lithium in a body-centered-cubic (bcc) phase.
The predicted average intercalation potential is ~3.78 V when half number of the Li is removed
from the material. This is a little bit lower than the experimental charge/discharge potential plateau of
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~4.0 V [5, 8]. This underestimated potential is also reported in other materials, which is attributed to
the underestimation of the cohesive energy of metallic lithium as reference electrode [26-27]. Upon
further removal of lithium ions from the Li0.5CoO2 state to the Li0.25CoO2 state, the average
intercalation potential is increased to 3.95 V. Although this value is also lower than the experimental
value of ~4.2 V, the amount of the increased potential value is similar for the theoretical and
experimental values.

3.3 Electronic structure

Figure 2. Co-3d projected density of states of Co3+ in LiCoO2. The triplet and duplet of the d-orbit are
denoted as t2g and eg, respectively .The Fermi level is set to 0 eV.

The average oxidation state of the cobalt is Co3+ in LiCoO2, which corresponds to a d6
electronic configuration. In an octahedral crystal field, 3d-orbitals split into t2g triplet and eg doublet.
As shown in Fig. 2, Co3+ exhibits low spin state with 3 electrons occupying spin up t2g orbital and the
other 3 electrons occupying spin down t2g orbital. The energy gap of about 2.4 eV is opened between
the occupied t2g and empty eg orbital. The energy gap is relatively high for activating electrons from
the valence band to the conduction band at room temperature. Therefore, the electronic conduction
mechanism in LixCoO2 should be small polaron migration among Co3+/Co4+ ions, in agreement with
Goodenough’s theory [28].
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Figure 3. Co-3d projected density of states of Co4+ ions in LixCoO2 along the Co-O bond direction (a)
and c-vector direction (z-axis) of the lattice (b). The five “d-orbitals” in (b) is not really
corresponding to the split of an octahedral crystal field. The triplet and the duplet of the dorbital are denoted as t2g and eg, respectively. The Fermi level is set to 0 eV.

Upon removal of Li atoms from the material, the average cobalt oxidation state is higher than
+3, therefore, some Co atoms loss one electron and becomes Co4+. After checking the relative
positions of Co4+ and Li vacancies (Li atoms are extracted) in the lattice, we did not observe any
correlation among them in our simulation. Meanwhile, the removed Li atoms are not the direct driving
force to the formation of Co4+, or the distribution of Co4+ is not related with the distribution of Li
vacancies (or the remaining Li atoms) in the lattice. Removal of Li atom from the lattice only accounts
for the lost charge in the Co-O layer.
The electronic structure of the Co4+ 3d-state is shown in Fig. 3. Transition from Co3+ to Co4+
indicates of removing one electron from the Co-3d orbital. Very interestingly, we found that rather
than removing one electron from any one specific orbital from the t2g triplet (dxy, dyz and dxz), the
removed electron is contributed by all orbitals of the triplet. This is quite different from Mn and Ni in
spinel or layered electrode materials like LiMn2O4 and LiNiO2. In LiMn2O4, transition between Mn3+
and Mn4+ is associated with removal of one electron from the d(x2-y2) orbital, which is accompanied by
large local distortion of the MnO6 octahedral due to the strong Jahn-Teller effect [29]. Similar effect
also occurs upon Ni3+/Ni4+ transition [30]. In LiCoO2, however, structural distortion around Co4+O6 is
much smaller than that of around Mn3+O6 and Ni3+O6. Since charge is removed from all orbital of the
triplet rather than one specific one in the triplet, charge distribution around the CoO6 octahedral is
quite even around all Co-O bonds, and therefore the bond lengths of all Co-O bonds are similar, which
makes the local structure quite stable. As it is shown from Fig. 3a, the charge is contributed almost
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equally from all three orbitals. Furthermore, we project the Co4+-3d along the c-vector direction of the
lattice (z-along the c-vector), and we found that the dz2 orbital moved up above the Fermi level and
become empty (Fig. 3b), indicating that the removed electron is from some kind of “orbital” along the
c-vector direction. In order to confirm this result, Fig. 4 gives the charge density difference Δρ between
LiCoO2 and LixCoO2 after Li atoms are partly removed. The differential charge density Δρ is defined
as ρ(LiCoO2)-ρ(LixCoO2). Therefore, integration of the Δρ over the supercell is equal to the number of
Li atoms (electrons) removed from the system. As it is shown in Fig. 4, the removed electron from
Co3+ is localized at an “orbital” shaped like dz2 along the c-vector, which is consistent with the
projected density of states. In the charged state of Li0.25CoO2, three quarters of the Co ions are in +4,
while the other quarter is in +3.

Figure 4. Charge density difference between LiCoO2 and Li0.25CoO2. The red (large) and blue (small)
balls are O and Co atoms, respectively. Symbols “+4” and “+3” denotes the oxidation state of
the corresponding Co atoms, “a” and “c” refer to the orientation of the lattice vectors.

The above results show that CoO6 octahedral structure is quite stable during the lithium
insertion/extraction process of the LiCoO2 material, because the relatively uniform charge
redistribution around the CoO6 octahedral upon removal of lithium atoms from the lattice. This is good
for the cycling stability of the material as electrodes for lithium ion batteries. The unique charge
redistribution around CoO6 octahedral is associated with the relative strength between the octahedral
crystal field and the exchange correlation of the Co-3d states. The Co atoms in the stoichiometric
LiCoO2 hold a low-spin (t2g↑)3(t2g↓)3 electronic configuration, results in a non-magnetic ground state
solution. In the LixCoO2 state, some Co ions become Co4+, which hold the (t2g↑)3(t2g↓)2 electronic
configuration and become magnetized with 1 μB magnetic moment. These electronic structures
correspond to relatively high structural stability because small local lattice distortion is observed
around them. However, the electronic structure and the structural stability may be destroyed by oxygen
vacancies, which can be formed upon deep extraction of lithium from the material.
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Table 2. The local structure and electronic configurations for different types Co ions
Type of Co ions

Co+3
Li0.75CoO2

Magnetic moments of 0
Co (in μB)
Local
structures
around Co
Co-O bond lengths
(in Å)

Electronic
configurations

1.940
1.963
1.943
1.950
1.967
1.940
(t2g↑)3(t2g↓)3

in Co+4
in Co+3 around
Li0.75CoO2
O vacancy in
Li0.75CoO2
1
2

1.891
1.890
1.882
1.886
1.886
1.887
(t2g↑)3(t2g↓)2

Co+2 around O
vacancy
in
Li0.75CoO2
3

1.885
1.886
1.877
1.941
2.009

2.073
1.984
2.122
2.009
1.941

(↑)4 (↓)2

(↑)5 (↓)2

Fig. 5 gives the electronic structures of Co ions near the O-vacancy. The Co is preferred to be
in relatively lower oxidation state. In the case of Li0.75CoO2 with one O vacancy, in addition to Co3+
ions, we also observed one Co2+ ion around the O vacancy. Very interestingly, we find that Co3+ near
the O-vacancy is no longer non-magnetic. Spin flip occurs and one spin down electron orbital moves to
spin up orbital (see Tab. 2). Because of the O-vacancy, CoO6 octahedral symmetry is broken and
becomes CoO5. Therefore, as the crystal field is changed substantially, the Co-O bond lengths and
charge distribution are adjusted accordingly. The symmetrical charge distribution around CoO6
(t2g↑)3(t2g↓)3 is changed into (↑)4(↓)2, accompanied with the changed Co-O bond lengths. As a result,
the Co3+ is magnetized with 2 μB magnetic moment (see Tab. 2). Similarly, in addition to one
additional electron in the Co-3d orbital, spin flip also occurred in the case of Co2+ around the O
vacancy. The charge distribution is changed from (t2g↑)3(t2g↓)3 into (↑)5(↓)2, with which the Co ion has
a magnetic moment of 3 μB. After checking the details on the Co-O bond, we can see that the six Co-O
bond lengths are quite close to each other around the Co3+O6 in LiCoO2 and the Co4+ in Li1-xCoO2
without O vacancies around them, as presented in Tab. 2. Except for the shortened bond length values
from ~1.95 Å to 1.89Å, the CoO6 octahedral do not undergo distortion after one electron removed
from Co3+ and the cation becomes Co4+. On the other hand, when there is O vacancy around the Co
atom, the Co-O bonds are changed substantially. Even for the case of Co3+, spin flip occurs and the
bond lengths are no longer close to each other, the CoO5 structure undergoes substantial distortions.
The situation is even more obvious for the case of Co2+ around the O vacancy. These results suggest
that O vacancies play an important role in the structural instability. Upon charging of the LiCoO2
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cathode to higher voltage, O release is expected and O vacancies are created in the lattice. This in turn
further destroys the structural stability, and finally the performance of the material degrades.

Figure 5. Co-3d projected density of states of Co3+ ions (a) and Co2+ ions (b) next to an O vacancy in
Li0.75CoO2. The project is along the Co-O bond direction. The Fermi level is set to 0 eV.

4. SUMMARY AND CONCLUSIONS
In summary, the atomic and electronic structural changes of LiCoO2 cathode material upon
delithiation are studied from density functional theory. Upon lithium removal from the LiCoO 2 lattice,
the CoO6 structures do not change substantially. The volume expansion is mainly contributed by the
lattice expansion along the c-axis lattice vector, due to the weakened coulomb interactions between
positively changed Li layer and negatively charged Co-O layer. As the charge distribution around the
CoO6 octahedral is quite even, the Co-O bond lengths are close to each other for both Co3+ and Co4+
ions. Those results indicate that the structural stability is good upon lithium removal. However, upon
high voltage charging of LiCoO2, oxygen release is observed from experiments and oxygen vacancies
are formed in the lattice. Oxygen vacancies may induce spin flip to the Co-3d electronic configuration
and therefore change the electronic structure and charge distribution substantially, which in turn
further distorts the CoO6 structure. As a result, oxygen vacancies will accelerate the degradation
process of the structural stability, which can possibly create even more vacancies.
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