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Structural changes in the lithium cobalt dioxide electrode: A combined approach
with cluster expansion and Bayesian optimization
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Lilithium cobalt dioxide (LiCoO2) is a promising cathode material for rechargeable lithium-ion batteries
(LIBs). To improve the electrochemical performance of LIBs, we theoretically investigated the structural changes
in a LiCoO2 electrode through the thermodynamic convex hull analysis. To construct the convex hull, we
combined cluster expansion and Bayesian optimization (BO) with high-throughput density functional theory
(DFT) calculations. To improve the BO efficiency, we used hull distance as the target variable of BO, which
considerably reduced the number of DFT calculations. At 300 K, the O2 gas release by the convex hull was
confirmed. The defective stoichiometry of CoO2−y deteriorated the layered structure of CoO2 and prevented the
Li+ ion migration. Therefore, we considered that the formation of CoO2−y contributed to the cathode degradation.
Our findings will provide useful insights into the prevention of LIB degradation.
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I. INTRODUCTION

To address global warming problems and reduce the use of
fossil fuels, it is important to develop technologies that convert
energy from renewable and sustainable sources to electrical
power is one of the significant issues. Rechargeable lithium-
ion batteries (LIBs) are among the most efficient energy
storage devices [1–3]. In 1981, Mizushima et al. proposed
lithium cobalt oxide (LCO, LiCoO2) as a cathode material for
LIB [4], and it has been widely used as a typical LIB elec-
trode in recent years. However, LIB with the LCO electrode
utilizes only half of the theoretical capacity of LCO owing
to its thermal instability in high-voltage operations [5–10].
In a high-voltage operation, LCO releases O2 gases, and the
resulting oxygen-deficient LCO (LixCoO2−y) degrades the
electrochemical performance of LIB [6,8–11]. In the degraded
LIBs, the spinel structure of Co3O4 is frequently observed
by x-ray spectroscopy and scanning transmission electron mi-
croscopy [8,9]. Therefore, to improve the available specific
capacity and lifetime of LIBs, it is beneficial to elucidate the
relationship between the structural changes in LCO during
charge/discharge cycling and battery degradation.

To elucidate the structural changes in materials, an anal-
ysis of the thermodynamic convex hull is a useful method,
which is defined by the formation energies of the most stable
structures at each composition ratio. Density functional theory
(DFT) [12,13] is a powerful tool for theoretically predicting
the convex hull for the desired combination of the material
elements [14–16]. However, for the direct construction of the
convex hull, we need to exhaustively evaluate the formation
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energies of the target material at each composition ratio,
which incurs a huge computational cost owing to the semi-
infinite number of potential material elements. The cluster
expansion (CE) method is one of the efficient approaches to
consider the composition-ratio dependence of the formation
energy [17–26]. However, because the O-deficient structure
undergoes a large structural displacement, the simple use of
the conventional CE fails to predict the formation energies for
such system [27,28].

Recently, to construct a convex hull for general materi-
als, Seko et al . combined the CE method with Bayesian
optimization (CE+BO) [29], and the CE+BO method with
DFT calculations succeeded in predicting the stability of the
O-deficient perovskite structures with large structural dis-
placements. Although assuming parent structures is necessary,
the CE+BO method enables us to alter the number of atoms
and the composition ratio for the target compounds. Thus,
the CE+BO method can efficiently search for thermodynam-
ically stable phases of materials by constructing a convex
hull concerning the formation energies of the compounds.
On the other hand, there are several methods to find globally
stable structures without assuming parent structures, e.g., evo-
lutionary algorithm and particle-swarm optimization-based
methods, and so on [30–32]. These methods enable us to
obtain the thermodynamically stable structure at the given
composition ratio. However, they require huge computational
costs to construct the convex hull in the entire composition
space. Therefore, we need to use these structure prediction
methods depending on the situation.

In this study, to elucidate the structural changes of the
LCO electrode, we constructed a convex hull of the entire
Li-Co-O phase using the CE+BO method and proposed a
simple method to accelerate the convergence of CE+BO. This
paper is organized as follows: In section II, we discuss the pro-
posed CE+BO framework, analysis method for convex-hull,
and computational details. Section III shows the results of a
benchmark for efficiency of CE+BO, the voltage profile of the
LCO obtained by the convex-hull analysis with and without
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a finite temperature effect. In Sec. IV, we discuss the origin
of the efficient convex hull construction using the CE+BO
method and the relationship between the weight density of
metastable CoO2−y and the battery degradation. Finally, we
provide summary of our study in Sec. V.

II. METHOD

A. CE+BO method

Here, we briefly discuss the CE+BO method and our pro-
posed method to accelerate the convergence of CE+BO. The
CE theory is formally exact to model the DFT total energies
as a function of composition ratio with crystal structure in-
formation, by using a linear regression of a series of cluster
correlation. Practically, the fourth-order of the cluster series
has been used, which can well reproduce the formation ener-
gies and predict the stable structures of rigid lattice systems
such as LixCoO2 [33–35]. However, for LixCoO2−y system,
we can not simply apply the conventional CE method due to
the limit of finite cluster series. The CE+BO method using
a nonlinear regression compensates the incompleteness of a
linear regression of the CE model with in the finite cluster
series [36], which helps to select candidates for constructing
the convex hull from numerous structures [29]. Therefore, we
can predict the the convex hull by iteratively obtaining stable
structures of LixCoO2−y using CE+BO. The original CE+BO
(BO1) used the correlation functions as the descriptors of BO
and formation energy (Ef ) as the target variable of the BO to
represent the convex hull. To accelerate the iterative construc-
tion of the convex hull by CE+BO, we set the hull distance
(Ehd) as the target variable (BO2), where the definition of
Ehd is the formation energy measured from the envelope of
the convex hull. In BO2, we note that the previously learned
target values are also updated when the new stable structures
are found in the current BO iteration because the reference
energy of Ehd is updated. Further details are summarized in
the Supplemental Material (SM) [37], and Refs. [38–43] are
cited in the SM.

B. Voltage profile

We explain the thermodynamic method used to compute
the voltage profile of the LCO electrode measured using
the Li electrode. The electrochemical reactions for the for-
mation of LixCoO2−y is Lix′CoO2−y′ + (x − x′)Li+ + (y′ −
y)/2O2 + (x − x′)e− → LixCoO2−y. When we use the Li
electrode as a reference, whose electrochemical reaction is
Li → Li+ + e−, the charge/discharge reactions can be be
simplified as follows:

Lix′CoO2−y′ + (x − x′)Li + y′ − y

2
O2 → LixCoO2−y. (1)

The electromotive force V between LCO and Li metal for the
reaction (1) is determined by

V =−GLixCoO2−y −GLix′ CoO2−y′ −(x − x′)GLi − (y′−y)GO2/2

(x − x′)F
,

(2)

where F is the Faraday constant. GLixCoO2−y , GLi, and GO2 are
the formation Gibbs free energies of LixCoO2−y, Li metal,

and O2 molecule, respectively. When the battery operation is
sufficiently slow against the reaction (1), the charge/discharge
reaction follows the minimum free-energy path for the stable
phases of the different concentrations of Li. Thus, we can
compare the results of Eq. (2) using the convex hull to the
measured voltage profile of LixCoO2. Here, we approximated
the Gibbs free energies of the components by the DFT total
energies, i.e., pressure × volume and entropy × temperature
terms were neglected in otherwise specified. This approxi-
mation well reproduces the experimental electromotive force
[33–35].

C. Computational details

We summarize the computational details of DFT and
CE+BO methods. All DFT calculations were carried out
using the Quantum ESPRESSO package [44,45] within a
framework of the plane-wave basis sets and ultrasoft pseu-
dopotential [46,47]. The cutoff energies for the wave function
and augmented charge were set to 70 and 700 Ry, respec-
tively. The generalized gradient approximation using the
Perdew-Burke-Ernzerhof scheme [48] was used for exchange-
correlation potentials and the on-site Hubbard-U correction
[49] with an effective U of 2 eV was applied to the Co 3d
state. Long-range van der Waals interactions were considered
through a semiempirical correction within the optB86 scheme
[50]. For all structures, we performed lattice and geometry
optimizations and subtracted 1.36 eV from the total energy
of the O2 molecule, which enabled the reproduction of the
experimental formation energy [51].

In CE+BO, we performed the BO procedure with a Gaus-
sian process (GP) model using the PYSBO program package
[52–56], and the cluster correlation function was determined
using the ICET program [22]. In BO with a machine learn-
ing, to evaluate the acquisition function with the expected
improvement, we used a GP model using a Gaussian kernel
function with a 1000 l-dimensional feature vector [52]. We
prepared the initial structures from the parent structures using
the Hart’s supercell approach [57,58]. To generate the initial
structures for CE+BO, we adopted three experimentally ob-
served structures [4,59,60] as the parent structures, that is, O3
type, O1 type, and H13 type of layered LixCoO2, respectively
(Fig. 1). The O1 and O3 structures are ABAB and ABCABC
stacked layers, respectively, and H13 is a mixture of O1 and
O3 structures. In addition, the spinel-type of Co3O4 was also
used as the reference state for phase stability. The supercell
sizes of Ns � 6, Ns � 6, and Ns � 3 were used for the O1-,
O3-, and H13-type structures, respectively. The difference in
the upper limit of Ns was due to the difference in the number of
atoms in each supercell. The ranges of x and y were assumed
as follows: (0 � x � 1, 0 � y � 1/3), (0 � y � 1/2), and
(0 � x � 1/2, 0 � y � 1/4) for the O3, O1, and H13 types,
respectively.

III. RESULTS

A. Benchmarking of CE+BO method

First, we investigated the convergence behaviors of the
convex-hull construction for the CE+BO methods. As a
reference for the convex hull of LCO, we carried out

115402-2



STRUCTURAL CHANGES IN THE LITHIUM COBALT … PHYSICAL REVIEW MATERIALS 7, 115402 (2023)

FIG. 1. Crystal structures of O3, O1 and H13 types of layered
LixCoO2. The green, blue and red balls represent Li, Co and O,
respectively. The VESTA package was used to visualize the crystal
structures throughout this study [61].

comprehensive DFT calculations without CE+BO for all can-
didate structures generated with a supercell size of Ns � 5;
the O3 parent structure were only used to reduce the bench-
marking cost. Consequently, we confirmed the convergence of
2446 structures of the total 2693 structures and constructed
the “true” convex hull using their formation energies. To
consider the efficiency of CE+BO, we defined a normal-
ized hull-volume difference (NHVD) as the difference in the
convex-hull volumes between the predicted convex hull by
CE+BO and the “true” convex hull. Therefore, when NHVD
was zero, the CE+BO calculation reproduced the “true” con-
vex hull. In this benchmarking study, we performed 100
independent BO simulations by selecting five different initial
structures from the total structures to obtain the statistically
converged result.

Figure 2 shows the convergence behavior of NHVD as
a function of the number of performed DFT calculations.
BO1 and BO2 can find stable structures faster than a random
search. Although the NHVD of BO1 rapidly decreases com-
pared with that of BO2, BO1 does not find the “true” convex
hull until 250 DFT-calculation steps. In contrast, the NHVD
of BO2 reaches zero in 200 DFT-calculation steps. Thus, we
confirmed that BO2 sufficiently reduced the number of DFT
calculations required to construct the convex hull.

B. Phase diagram and voltage profile for Li-Co-O system

Figures 3(a) and 3(c) show the result of the convex hull
obtained from the O1-, O3-, and H13-type structures at a
temperature of 0 K. We found that the O1-type of CoO2 and

FIG. 2. Convergence behavior of convex hull as a function of
the number of DFT calculations. The green, blue and red curves
denote the median values of 100 BO simulations for random search,
BO1, and BO2, respectively. The top and bottom of the shaded range
are 25 and 75% of the interquartile range of 100 BO simulations,
respectively.

the H13-type derivative Li1/6CoO2 are stable at low Li con-
centrations. These O1-type and H13-type derivative structures
are consistent with the experimentally observed structures
[59,60,62]. Furthermore, the calculated convex hull indicates
that the formation of O2-gas is not a thermodynamically
favored pathway, that is, the formation energy of O1-type
CoO2 is lower than that of the CoO2−y with O2 gas. Thus,
the O2 gas is not released at the LCO electrode during the
charge/discharge cycles at a temperature of 0 K. From the
convex hull analysis, we determine the voltage profile using
Eq. (2), as shown in Fig. 3(e). The calculated voltage pro-
file is in reasonable agreement with the experimental result
[62]; we found that the voltage steps at x = 1/6 and 1/2 are
also consistent with those of the experiment. In the stable
Li1/2CoO2 structure, the Li atoms exhibit two-dimensional
(2D) zigzag ordering, which is consistent with earlier the-
oretical study [34]. However, the experimentally observed
structure of Li1/2CoO2 was the row-ordered Li [2]. Accord-
ing to the previous theoretical study, the energy difference
between these two ordered structures is less than 1 meV/atom.
This energy difference is because the number of the first near-
est Li-Li bonds in the in-plane of the row-ordered structure is
the same as that in the zigzag structure. Thus, to discuss the
stability of Li1/2CoO2, we might consider the additional terms
to the internal energy by DFT such as the lattice vibrations
[63].

Figures 3(b) and 3(d) show the results for the convex
hull at a temperature of 300 K, where the finite tempera-
ture effect is considered through the entropy term of the O2

molecule. Because the entropy term contributes to a decrease
in the chemical potential of the O2 molecule, O-rich com-
pounds such as CoO2 and Li1/6CoO2 become unstable (these
structures are stable at 0 K). As a result, a three-phase sepa-
ration with the formation of O2 gas, Li1/3CoO2, and CoO5/3

is observed. Thus, the formation of O2 gas from the LCO
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FIG. 3. Convex hulls in the Li-Co-O phase at (a, c) 0 K and (b, d) 300 K, and voltage profiles at (e) 0 K and (f) 300 K. The orange arrows
denote the ideal charge reaction direction from LiCoO2 to CoO2 and the blue-shaded region represents the three-phase separation area. The
experimental voltage profile is obtained from the paper [62].

electrode is due to a free energy shift at a finite temperature.
Figure 3(f) shows the result of the voltage profile at 300 K.
The calculated voltage below x = 1/3 is lower than that at
0 K, and the voltage step at x = 1/6 vanishes. These results
were attributed to the structural change of LCO with the O2

gas formation. Recently, Sun et al . observed the depth profile
for the composition ratio of O to Co in an LCO electrode
using electron-energy loss spectroscopy [9]. A decrease in the
composition ratio of O, ranging from the outer-most surface to
a depth of approximately 100 nm from the electrode surface,
was observed, and its magnitude depended on the operation
temperature. The decrease in O content in LCO at a low Li
concentration could explain the aforementioned experimental
findings. Therefore, we considered that the three-phase sep-
aration with the O2 gas release contributed to the structural
degradation of the LCO electrode.

C. Geometries of metastable CoO2−y

According to the experimental and theoretical results
[64–67], metastable structures can be formed and ob-
served over experimental timescales. For LCO, during
charge/discharge cycling, metastable structures may be
formed and cause the battery degradation. Therefore, we in-
vestigate not only stable but also metastable structures of
CoO2−y. Figure 4 shows the results of weight densities for
metastable structures of CoO2−y as a function of the content
of O-deficient stoichiometry. Here, stable CoO5/3 (y = 1/3)
consists of the convex hull, and we define the metastable
structure as CoO2−y, which satisfies the criterion of Ehd �
0.070 eV/atom, as discussed by Sun et al. [64]. Detailed
information on the metastable structures of CoO2−y and their
Ehd are summarized in the SM [37]. For y < 1/4, the lack of
O induces a large displacement and migration of both Co and
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FIG. 4. Weight density of metastable CoO2−y structures as a function of the content of O-deficient stoichiometry. The crystal structures with
red, blue, and green frames represent the O3-type derivative, O1-type derivative, and spinel structures, respectively. The black line connects
the weight densities of the most stable structures at each composition.

O atoms from the parent structures. Although the change in
the weight density is relatively small, the 2D-layered structure
of the parent CoO2 starts to collapse, as shown in Fig. 4.
Moreover, when more O2 gas is released (1/4 � y � 1/2), the
weight density of the most stable structures increases by 15%,
which is close to that of the spinel Co3O4. In this region, the
2D-layered structure of CoO2 completely disappears; thus, the
increase in the weight density corresponds to the deterioration
of the 2D-layered structure.

IV. DISCUSSION

A. Efficiency of CE+BO method

The difference in the convergence between BO1 and BO2
(Fig. 2) was attributed to the characterization of the convex
hull within the BO framework, that is, the difference in the
choice of target variables (Fig. 5). The Ef used in BO1 was
the relative energy measured from the vertices of the Li-Co-O
phase triangle; the Ef value was strongly dependent on the
composition ratio of the stable structures. Thus, after finding
the most stable LiCoO2 structure, BO1 searched for the other

FIG. 5. Schematic image of the convex hull construction for BO1
and BO2 with the A-B binary system. The stars represent the points
that succeed in updating the convex hull by each BO method.

candidate structures around LiCoO2, which led to a local
search. However, because Ehd used in BO2 was the relative
formation energy measured from the envelope of the convex
hull, the composition ratio dependence of Ehd was less than
that of Ef . Consequently, BO2 performed the structural search
over the entire composition ratio space. From the above,
BO1 and BO2 were considered to be the exploitation- and
exploration-oriented methods, respectively. Therefore, to con-
struct the “true” convex hull efficiently, we need to consider
the characterization quantity for the convex hull within the BO
framework, in addition to developing the BO algorithm.

B. Relationship between weight density and LCO electrode
degradation

Here, we discuss the relationship between the weight den-
sities of the meta-stable CoO2−y structures and the LCO
electrode degradation. We found that the finite-temperature
effect induces the emergence of the CoO5/3 with the O2 gas re-
lease from Li1/3CoO2 under the high-voltage operation shown
in Figs. 3(b) and 3(d). Ideally, although the charge/discharge
voltage profile directly relates to the convex hull as discussed

FIG. 6. Activation barriers of Li+ ion migration in stable and
meta-stable CoO2−y and weight densities of CoO2−y.
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FIG. 7. Schematic image of the Li+ ion migration in the LCO
electrode.

in Sec. II B, forming meta-stable states can be observed over
experimental timescales [65–67]. The formation voltages of
the meta-stable CoO2−y were 0.4 V higher than that of the
stable CoO5/3 (see SM [37] for further details). Thus, the
meta-stable CoO2−y forms in the high voltage region around
the end of the charging cycle with high-capacity utilization.

The weight density of the electrode structure was con-
sidered to correlate with the Li+ ion mobility in the LCO
electrode because a high weight density indicated a narrow
interstitial region of the crystal. Figure 6 shows the calculated
activation barriers of Li+ ion migration in stable and meta-
stable CoO2−y (see SM [37] for computational details). The
obtained activation barrier for O3-type (0.2 eV) was consis-
tent with the previous result [68]. CoO2−y with low weight
densities have similar activation barriers (0.1 ∼ 0.2 eV) to
O3-type. In contrast, CoO2−y with high weight densities tend
to have higher activation barriers (1.0 ∼ 1.7 eV) than those
with low weight densities. Therefore, this calculation result
shows the correlation between the mobility of Li+ ions and
weight densities of CoO2−y. In addition, the recent theoretical
study found that the large diffusivity of Na+ ions required the
wide faces of Na-S clusters in the sulfide solid electrolytes be-
cause the narrow regions yield the high energy barriers for the
ion migration [69]. For doped LiTi2(PO4)3 (LTP), Lang et al.
showed an inverse relationship between the Li+ ion migration
barrier and LiO6 octahedra size in doped LTP [70]. Therefore,
from the relation between the activation barrier and weight
density, the meta-stable CoO2−y with high weight-densities
and non 2D-layered structures might suppress the mobility of
Li+ ions compared with the parent structures (Fig. 7). In addi-
tion to the suppressing the Li+ ion mobility, the once-formed
CoO2−y was considered to be partially irreversible because of

the high energy barrier required to repair the collapsed layer.
Therefore, we considered that the irreversible formation of not
only the spinel Co3O4 but also CoO2−y with a high weight
density suppressed the Li+ ion migration pathway and deteri-
orated the electrochemical performance of the LCO electrode.

V. SUMMARY

To reveal the structural changes of LiCoO2 during the
battery operation, we employed the CE+BO method to con-
structing the convex hull of the Li-Co-O phase. In the BO
calculation, we adopted hull distance energy as the target
variable, which accelerated construction of an accurate convex
hull. Therefore, we emphasize that characterization quantity
for the convex hull within the BO framework played a signifi-
cant role in improving the efficiency of CE+BO, in adding to
developing the BO algorithm itself. The obtained convex hull
provided a charge/discharge voltage curve, that was in rea-
sonable agreement with the experimental results. Finally, we
analyzed the meta-stable structures of CoO2−y. Because the
formed CoO2−y had a higher weight density than CoO2, the
Li+ ion conduction path around CoO2−y in the LCO electrode
became narrower. Thus, the structural change from CoO2 to
CoO2−y might contribute to cathode degradation during the
charge/discharge cycles. These results will provide signifi-
cant insights into understanding the degradation mechanism
of the oxide electrodes. Because the CE+BO method with
hull distance is a general formulation, it can easily be applied
to other compounds and materials. Hence, we believe that
our proposed method will be a powerful tool for revealing
structural changes in solid-state materials.
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